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INTRODUCTION 

The U.S. Department of Energy h a s  under taken  a Chemical Gas Stream Cleanup Program t o  
s i m p l i f y  and improve methods f o r  c l e a n i n g  gas  g e n e r a t e d  from c o a l  e i t h e r  by g a s i f i c a -  
t i o n  o r  combustion. 
aimed a t  g a s  s t reams g e n e r a t e d  a t  p r e s s u r e s  g r e a t e r  t h a n  6 a tmospheres  and tempera- 
t u r e s  g r e a t e r  t h a n  l,OOO°F. These e l e v a t e d  p r e s s u r e s  and t e m p e r a t u r e s  would b e  
a s s o c i a t e d  w i t h  emerging t e c h n o l o g i e s  such  a s  i n t e g r a t e d  g a s i f i c a t i o n  combined-cycle 
molten c a r b o n a t e  f u e l  c e l l  power p l a n t s ,  d i r e c t - f i r e d  c o a l  t u r b i n e s ,  and p r e s s u r i z e d  
f l u i d i z e d - b e d  combustion. C o n t r o l  and removal of t h e  contaminants  i s  a t e c h n i c a l  
l i m i t a t i o n  and a major c o s t  a s s o c i a t e d  w i t h  t h e s e  advanced c o a l  u t i l i z a t i o n  sys tems.  

The o v e r a l l  program o b j e c t i v e  i s  t o  deve lop  t e c h n o l o g i e s  economica l ly  t o  remove hot  
gas  s t ream contaminants  s u c h  a s  s u l f u r  compounds, n i t r o g e n  compounds, a l k a l i s ,  
s e l e c t e d  t r a c e  m e t a l s ,  and r e s i d u a l  hydrocarbons which a r e  d e t r i m e n t a l  t o  advanced 
c o a l - f i r e d  systems ( 1 ) .  S e l e c t i o n  and cont inuance  o f  t h e  p r o j e c t s  i s  based  on t h e i r  
a b i l i t y  t o  meet performance and envi ronmenta l  requi rements  and t o  show promise  of 
s i g n i f i c a n t  c o s t  r e d u c t i o n  over  a v a i l a b l e  t e c h n o l o g i e s .  

The Department of Energy through t h e  MorgalltOWn Energy Technology Center  (METC) 
c a r r i e s  o u t  development programs f o r  many o f  t h e  o t h e r  f u e l  c o n v e r s i o n  and power- 
g e n e r a t i n g  components f o r  advanced energy  sys tems based on c o a l .  Bes ides  t h e  Gas 
Stream Cleanup Program, METC implements programs i n  G a s i f i c a t i o n ,  Heat E n g i n e s ,  Fue l  
Cells,  Fluidized-Bed Combustion, Components, and S o l i d  Waste Management. A h i g h  
degree  o f  c o o r d i n a t i o n  w i t h  t h e s e  programs i s  main ta ined  t o  i n s u r e  c o m p a t i b i l i t y  and 
p r o p e r  i n t e g r a t i o n  o f  development e f f o r t s .  F i g u r e  1 d e p i c t s  t h e  i n t e g r a t i o n  o f  
Chemical Gas Stream Program. 

The p r o j e c t s  which compr ise  t h i s  development program a r e  main ly  

DISCUSSION 

The p r o d u c t s  o f  c o a l  g a s i f i c a t i o n  O K  combustion c o n t a i n  contaminants  which were p a r t  
of t h e  c o a l  f e e d s t o c k .  These contaminants  i n c l u d e  s u l f u r  compounds, c h l o r i d e s ,  
n i t r o g e n  compounds (HCN, NHa, NO ) ,  a l k a l i s ,  p a r t i c u l a t e s ,  and t r a c e  e l e m e n t s .  
Removal o f  t h e  s u l f u r  and n i t r o &  compounds and t h e  p a r t i c u l a t e s  i s  n e c e s s a r y  t o  
meet n a t i o n a l  a i r  q u a l i t y  s t a n d a r d s  f o r  SO , NO , and suspended s o l i d s .  Removal o f  
t h e  o t h e r  contaminants  i s  r e q u i r e d  f o r  somg a p p y i c a t i o n s  t o  a v o i d  equipment damage o r  
s e r i o u s  d e g r a d a t i o n  i n  performance. 
t o l e r a n c e  f o r  a l k a l i  compounds and mol ten  c a r b o n a t e  f u e l  c e l l s  (MCFC) f o r  s u l f u r  com- 
pounds. The f u e l  c e l l  s u l f u r  l i m i t  i s  w e l l  below t h e  envi ronmenta l  requi rements  f o r  
s u l f u r  c o n t r o l .  The e f f e c t  of s u l f u r  on c e l l  o p e r a t i o n  h a s  been s t u d i e d  b o t h  theo-  
r e t i c a l l y  and e x p e r i m e n t a l l y .  The r e s u l t s  from t h e  I n s t i t u t e  o f  Gas Technology ( 2 1 ,  
Uni ted  Technologies  C o r p o r a t i o n  ( 3 ) ,  and General E l e c t r i c  ( 4 )  work i n d i c a t e  t h a t  
s u l f u r  p r e s e n t  i n  e i t h e r  t h e  anode O K  ca thode  f e e d  a f f e c t s  t h e  per formance  of t h e  
n i c k e l  anode. 

I n  p a r t i c u l a r ,  g a s  t u r b i n e s  have a v e r y  ].ow 



The cleanup r equ i r emen t s  f o r  f o u r  a p p l i c a t i o n s  ( p r e s s u r i z e d  f lu id i zed -bed  combustion/ 
t u r b i n e ,  i n t e g r a t e d  g a s i f i c a t i o n  combined-cycle,  mol ten  ca rbona te  f u e l  c e l l ,  and 
d i r e c t  c o a l - f i r e d  t u r b i n e )  and s i x  c a t e g o r i e s  of  contaminants  ( p a r t i c u l a t e s ,  s u l f u r ,  
a l k a l i ,  n i t r o g e n ,  t r a c e  m e t a l s ,  and  c h l o r i n e )  a r e  g iven  i n  Table  1. Two a p p l i c a t i o n s  
p e r t a i n  t o  c leanup o f  p r o d u c t s  of  combustion b e f o r e  e n t e r i n g  a t u r b i n e ,  one a p p l i c a -  
t i o n  i s  f o r  low-Btu g a s  f o r  t u r b i n e  u s e  and one i s  f o r  medium-Btu gas  f o r  f u e l  c e l l s .  
Allowable l e v e l  o f  p a r t i c u l a t e s  f o r  t h e  p r e s s u r i z e d  f lu id i zed -bed  combust ion/ turb ine  
and  i n t e g r a t e d  g a s i f i c a t i o n  combined-cycle a p p l i c a t i o n s  a r e  i n  t h e  range  of  
1.7  x t o  0.01 g r a i n  ( g r )  p e r  s t anda rd  cub ic  f e e t  ( s c f )  and 4 . 1  x t o  0 .24  
gr p e r  s c f ,  r e s p e c t i v e l y .  

The DOE Chemical Gas S t ream Cleanup program has c e n t e r e d  on matching of  c leanup sub-  
sys tem t empera tu re  and p r e s s u r e  t o  t h a t  r equ i r ed  by t h e  end use  p rocess  e lement  and  
t h e  upstream g a s i f i e r  o r  combustor .  T h i s  matching  should  p rov ide  a t t r a c t i v e  systems 
by  e l i m i n a t i n g  h e a t  r ecove ry  equipment and compressors  o r  expanders .  F i g u r e  2 shows 
a t empera tu re -p res su re  p l o t  w i th  v a r i o u s  subsys tems i n  t h e i r  o p e r a t i n g  envelopes .  
With g a s i f i e r  t u r b i n e  power sys t ems ,  a n  i d e a l  match i s  ach ieved  w i t h  f ixed-bed  g a s i -  
f i e r s  and a z i n c  f e r r i t e  d e s u l f u r i z a t i o n  subsys tem.  Th i s  combina t ion  o f  g a s i f i e r  
and  ho t  c leanup h a s  been  r e f e r r e d  t o  a s  a " g a s i f i c a t i o n  i s l a n d "  concept  by METC and 
h a s  been r e c e i v i n g  h igh  p r i o r i t y  i n  development.  Molten ca rbona te  f u e l  cel ls  o p e r a t e  
a t  about t h e  same t empera tu res  b u t  a t  lower  p r e s s u r e s  than  gas  t u r b i n e s ;  b o t h  the  
z i n c  f e r r i t e  subsys tem and some novel  s o r b e n t  subsystems would be an  i d e a l  tempera- 
t u r e  match. A r e l a t i v e l y  unknown a rea  i s  t h a t  r e q u i r e d  f o r  d i r e c t - f i r e d  t u r b i n e s  
where tempera tures  can range  from 2,OOOO t o  2,800"F o r  h i g h e r .  Although a 
t empera tu re -p res su re  match i s  a t t r a c t i v e ,  sys tems a n a l y s i s  i s  necessa ry  t o  examine 
a l l  f a c t o r s  t h a t  e f f e c t  per formance  and c o s t .  

The Chemical Gas S t ream Cleanup Program, a s  shown i n  F i g u r e  3 ,  i s  d iv ided  i n t o  s i x  
contaminant  removal a r e a s ,  i . e . ,  s u l f u r ,  a l k a l i ,  t a r s ,  t r a c e  s p e c i e s ,  c h l o r i d e ,  and  
n i t r o g e n .  Each removal a r e a  i s  b r i e f l y  d i scussed  below. P a r t i c u l a t e  removal is  a 
s e p a r a t e  p r o j e c t  a r e a  pu r sued  by METC 'and i s  n o t  d i s c u s s e d  i n  t h i s  p r e s e n t a t i o n .  

S u l f u r  Removal 

The need t o  comply w i t h  envi ronmenta l  s t a n d a r d s  makes s u l f u r  removal impor t an t  f o r  
a l l  coa l  gas  a p p l i c a t i o n s .  However, MCFC a p p l i c a t i o n s  r e q u i r e  s u l f u r  l e v e l s  below 
t h e  1 p a r t  p e r  m i l l i o n  (ppm) range  ( 5 ) ,  whi le  o t h e r  a p p l i c a t i o n s  a l l o w  100 ppm o r  
more.  N e v e r t h e l e s s ,  s u l f u r  removal t o  below 10 ppm could  b e  b e n e f i c i a l  f o r  t u r b i n e  
a p p l i c a t i o n s ,  because  s u l f u r  and a l k a l i s  i n t e r a c t  t o  cause  c o r r o s i o n  and /o r  depos i -  
t i o n  on t u r b i n e  b l a d e s ,  and r educ ing  s u l f u r  may a l low less s t r i n g e n t  a l k a l i  removal 
r equ i r emen t s .  P r o j e c t s  under  s u l f u r  removal a r e  shown i n  F i g u r e  4 .  

F i g u r e  5 shows s u l f u r  removal t e c h n o l o g i e s  f o r  v a r i o u s  t empera tu res  o f  f u e l  gas .  
Many co ld  sc rubb ing  t e c h n o l o g i e s  a r e  a v a i l a b l e  f o r  removing f u e l  gases  up t o  tem- 
p e r a t u r e s  of about  350" t o  400°F. These t echn iques  can ach ieve  v e r y  h igh  s u l f u r  
removals i f  des igned  i n  s t a g e s  w i t h  e x t e n s i v e  r e c y c l e .  For  f u e l  g a s  tempera tures  
from about  850° t o  1 ,200°F,  two sys tems have shown promise :  an  i r o n  ox ide  so rben t  
and  a z i n c  f e r r i t e  s o r b e n t .  I r o n  ox ide  was t e s t e d  a t  METC i n  t h e  1 9 7 0 ' s  on f u e l  gas  
from a f ixed-bed  g a s i f i e r .  These t e s t s  showed f e a s i b i l i t y  of t h e  s o r b e n t  f o r  achiev-  
i n g  up t o  9 0  p e r c e n t  s u l f u r  removal.  IHI subsequen t ly  has  been t e s t i n g  t h i s  p rocess  
on  a p i l o t  s c a l e .  

Recent  development work a t  METC h a s  shown z i n c  f e r r i t e  t o  be  a l i k e l y  cand ida te  f o r  
h o t  gas  d e s u l f u r i z a t i o n ,  because  it can  remove a l l  s u l f u r  s p e c i e s  i n  t h e  gas  t o  below 
5 Ppm excep t  f o r  t h a t  found i n  t h e  t a r .  
q u e s t i o n s  t h a t  remain i n  z i n c  f e r r i t e  s o r b e n t  development.  I n  a d d i t i o n ,  t h e  z i n c  
fe r r i te  abso rbe r  w i l l  b e  s c a l e d  up and t e s t e d  a t  t h e  p rocess  development u n i t  (PDU) 
f lu id i zed -bed  g a s i f i e r  a t  t h e  KRW Energy Sys tems,  I n c . ,  Waltz M i l l  s i t e  e a r l y  i n  
1986. 
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Another  c a t e g o r y  of s o r b e n t s  r e f e r r e d  t o  a s  mixed m e t a l  o x i d e  and n o v e l  s o r b e n t s  has 
been under i n v e s t i g a t i o n .  
a t  h i g h e r  t e m p e r a t u r e s  and p o t e n t i a l l y  producing  e l e m e n t a l  s u l f u r  on r e g e n e r a t i o n .  
The I n s t i t u t e  o f  Gas Technology (IGT) mixed m e t a l  o x i d e  p r o c e s s  and B a t t e l l e  P a c i f i c  
Northwest L a b o r a t o r i e s  s o l i d  s u p p o r t e d  molten s a l t  p r o c e s s  a r e  c u r r e n t l y  a t  t h e  bench- 
s c a l e  development s t a g e .  I n  a d d i t i o n ,  J e t  P r o p u l s i o n  L a b o r a t o r i e s  (JPL) i s  complet ing 
l a b o r a t o r y - s c a l e  tes ts  on e n t i r e l y  new t y p e s  of  s y n t h e s i z e d  s o r b e n t s ;  t h e  most promis- 
ing  s o r b e n t s  w i l l  be  t e s t e d  a t  t h e  bench s c a l e  l a t e  i n  1986. 

A t  t empera tures  from 1,500° t o  about  2,000°F, calcium-based s o r b e n t s  have been t e s t e d  
and achieved over  95 p e r c e n t  s u l f u r  removal .  These p r o c e s s e s  a r e  n o t  c u r r e n t l y  be ing  
developed by DOE. E a r l i e r  work by  CONOCO and o t h e r s  have shown t h e  f e a s i b i l i t y  of 
t h e s e  systems. METC i s  e x p l o r i n g  t h e  p o t e n t i a l  of combining s u l f u r  removal w i t h  
g a s i f i c a t i o n  p r o c e s s e s ,  however, i n  tes ts  i n  a f l u i d - b e d  g a s i f i e r  under  t h e  METC g a s i f i -  
c a t i o n  program. 

The f i n a l  d e t e r m i n a t i o n  of which o f  t h e s e  p r o c e s s e s  w i l l  f i n d  u s e  i n  s u l f u r  removal 
sys tems w i l l  depend on economics. Two p i e c e s  o f  t h e s e  economic s t u d i e s  a r e  be ing  
c a r r i e d  o u t  by G i l b e r t / C o m o n w e a l t h ,  I n c o r p o r a t e d ,  i n  s t u d i e s  o f  r e a c t o r  c o s t s ,  and 
Ralph M .  Parsons  Company i n  e v a l u a t i o n s  o f  t a i l  gas t r e a t i n g  sys tems.  

These s o r b e n t s  have promise of a c h i e v i n g  d e s u l f u r i z a t i o n  

Zinc F e r r i t e  S t u d i e s  

A s u l f u r  s o r b e n t  u t i l i z i n g  z i n c  f e r r i t e  h a s  been under  development a t  METC f o r  t h e  
p a s t  5 y e a r s .  I n i t i a l  t e s t s  were w i t h  gas m i x t u r e s  t h a t  approximated g a s i f i e r  f u e l  
g a s e s .  
and demonst ra ted  t h a t  i n  t h e  o p e r a t i n g  regime l,OOOo t o  1,200°F, 120 t o  240 p s i g ,  
and 1,000 t o  2 ,000  h-' space  v e l o c i t y ,  a z i n c  f e r r i t e  s o r b e n t  can  f u n c t i o n  i n  a h o t  
gas s t ream from a f ixed-bed  c o a l  g a s i f i e r ,  removing low molecular  weight  s u l f u r  com- 
pounds t o  a l e v e l  o f  about  10 ppm. High m o l e c u l a r  weight  s u l f u r  compounds, which a r e  
i n  t a r s ,  however, a r e  n o t  removed. 
weight  i n  s u l f u r  b e f o r e  breakthrough.  
t u r e s  a t  1,400° t o  1 ,500°F,  t o  n e a r  i t s  o r i g i n a l  c o n d i t i o n  w i t h  a r e s i d u a l  s u l f u r  
c o n t e n t  ( a s  s u l f a t e )  o f  l e s s  t h a n  1 weight  p e r c e n t .  Absorp t ion  performance a f t e r  
t h r e e  r e g e n e r a t i o n s  i s  c l o s e  t o  t h a t  o f  f r e s h  s o r b e n t  (6 ) .  F i g u r e  6 i s  a p l o t  of t h e  
e x i t  hydrogen s u l f i d e  (H2S) l e v e l  a g a i n e d  o v e r  t h r e e  c y c l e s  of a b s o r p t i o n  and 
r e g e n e r a t i o n .  I t  can  b e  s e e n  t h a t  t h e  HzS l e v e l  i s  about  1 t o  5 ppm b e f o r e  break-  
through and t h e r e  i s  no s i g n i f i c a n t  drop  i n  t h e  s o r b e n t  s u l f u r  l o a d i n g  f o l l o w i n g  
r e g e n e r a t i o n .  

Bench-scale  e v a l u a t i o n  i n  a c t u a l  c o a l  g a s  s t reams were t h e n  c a r r i e d  o u t  

The s o r b e n t  p i c k s  up about  30 p e r c e n t  of i t s  
I t  can  be  r e g e n e r a t e d  by a i r  and s team mix- 

I 

P o t e n t i a l  improvements which may b e  made t o  t h e  z i n c  f e r r i t e  system i n c l u d e  ( a )  under- 
s t a n d i n g  meta l  phase  changes o c c u r r i n g  a t  c e r t a i n  o p e r a t i n g  c o n d i t i o n s  which could 
degrade  s o r b e n t  i n t e g r i t y  and per formance;  ( b )  minimize s u l f a t e  f o r m a t i o n ,  which can 
occur  i n  g a s e s  w i t h  s i g n i f i c a n t  SOz; and ( c )  reduce c a t a l y s t  d e g r a d a t i o n  which occurs  
wi th  repea ted  c y c l i n g  l e a d i n g  t o  reduced s t r u c t u r a l  s t r e n g t h  and l o s s  o f  i n t e g r i t y  
and performance.  '1 S e v e r a l  c o n t r a c t e d  e f f o r t s  a r e  aimed a t  t h e s e  improvements. 

Louis iana  S t a t e  U n i v e r s i t y  i s  s t u d y i n g  s t r u c t u r a l  changes i n  h o t  meta l  ox ide  s o r b e n t s  
i n c l u d i n g  z i n c  f e r r i t e  th rough a d s o r p t i o n  and r e g e n e r a t i o n  c y c l e s .  R e s u l t s  t o  d a t e  
i n d i c a t e  t h a t  t h e  r e l a t i v e l y  s imple  model is adequate  t o  d e s c r i b e  t h e  t ime-conversion 
d a t a .  
t r o l l i n g  r e s i s t a n c e .  E a r l y  i n  t h e  r e a c t i o n ,  b e f o r e  t h e  product  l a y e r  i s  f u l l y  deve l -  
oped, mass t r a n s f e r  is b e l i e v e d  t o  be i m p o r t a n t .  

SRI I n t e r n a t i o n a l  i s  per forming  t h e o r e t i c a l  and e m p i r i c a l  s t u d i e s  of  phase  boundaries  
o f  z i n c  f e r r i t e  d u r i n g  a d s o r p t i o n  and r e g e n e r a t i o n .  The Fe304/Fe,  Fe3Ol /wus t i te ,  car -  
bon d e p o s i t i o n ,  and c a r b i d e  format ion  phase  boundary composi t ions  have been ca lcu-  
l a t e d  f o r  t o t a l  p r e s s u r e s  o f  1, 5 ,  10 ,  15, and 20 arm a t  t e m p e r a t u r e s  o f  930°, 1,020°,  
l , l O O o ,  1,200°,  and 1,300'F. 
mat ion  and how it can b e  avoided .  Fixed-bed r e a c t o r  exper iments  were conducted a t  

i During most of t h e  r e a c t i o n ,  p r o d w t  l a y e r  d i f f u s i c r :  appears  t o  be  t h e  con- i 
Another  SRI I n t e r n a t i o n a l  s t u d y  d e a l s  w i t h  s u l f a t e  f o r -  

4 



t 
SRI t o  de te rmine  t h e  amount of  s u l f a t e  formed a s  a f u n c t i o n  of  s e v e r a l  p r o c e s s  v a r i a -  
b l e s .  Higher  so rben t  t empera tu re  and lower oxygen p a r t i a l  p r e s s u r e  i n  t h e  f eed  gas  
l ead  t o  a dec rease  i n  t h e  amount of  s u l f a t e  remain ing  i n  t h e  r egene ra t ed  s o r b e n t  i s  
a f u n c t i o n  of d u r a t i o n  of r egene ra t ion ;  l onge r  d u r a t i o n  d e c r e a s e s  t h e  amount of  
r e s i d u a l  s u l f a t e .  An i n c r e a s e  i n  space  v e l o c i t y  was found t o  d e c r e a s e  t h e  s u l f a t e  
fo rma t ion .  In t h e  range  of p a r t i c l e  s i z e  from 0.5 t o  5 nun, t h e  s u l f a t e  fo rma t ion  was 
n o t  a f f e c t e d  by t h e  p a r t i c l e  s i z e .  The p resence  of  SO2 i n  t h e  f eed  gas  s i g n i f i c a n t l y  
promotes t h e  s u l f a t e  fo rma t ion .  

m, Inco rpora t ed ,  i s  s tudy ing  how t o  maximize z i n c  f e r r i t e  p h y s i c a l  s t r e n g t h  
and d u r a b i l i t y  du r ing  t h e  s o r b e n t  f a b r i c a t i o n  p r o c e s s .  
l a t e d  wi th  b e n t o n i t e  a s  a b inde r  has shown improved p h y s i c a l  and chemica l  per formance  
Over the  United C a t a l y s t ,  Inco rpora t ed  (UCI), z i n c  f e r r i t e  composi t ion  used  i n  tes t -  
i n g  a t  METC. The AMAX so rben t  had shown double  t h e  p h y s i c a l  c rush  s t r e n g t h  and tw ice  
t h e  s u l f u r  bea r ing  c a p a c i t y  of  t h e  UCI s o r b e n t .  During t h e  d e s u l f u r i z a t i o n  t e s t i n g ,  
t h e  AMAX so rben t  showed t h e  c a p a c i t y  f o r  r e t a i n i n g  i t s  i n i t i a l  s u r f a c e  a r e a  whereas 
t h e  U C I  so rben t  showed some l o s s  of s u r f a c e  a r e a  through s i n t e r i n g .  The AMAX s o r b e n t  
a l s o  had less f i n e s  a t t r i t i o n i n g  du r ing  t h e  d e s u l f u r i z a t i o n  t e s t i n g .  

A so rben t  which was formu- 

Novel Fuel  Gas Sorben t s  

Novel s o r b e n t s  can o f f e r  h ighe r  tempera ture  a p p l i c a t i o n s  and s i m p l e r  t a i l  gas  t r e a t -  
ment. The B a t t e l l e  s o l i d  suppor t ed  mol ten  s a l t  (SSMS) sys tem,  under  development 
s i n c e  1974, i s  a t  t h e  bench-sca le  development s t a g e  and f e a t u r e s  b o t h  s u l f u r  com- 
pounds and H C 1  removal from 6,000 ppm and 200 ppm t o  less than  1 ppm l e v e l ,  r e spec -  
t i v e l y .  The SSMS s o r b e n t  c o n s i s t e d  of  porous  l i t h i u m  a lumina te  ceramic  p e l l e t s  
loaded wi th  low-calcium s a l t  (Lil.lKo.7Ca0.1C03). The s o r b e n t  can  b e  r e g e n e r a t e d  
wi th  carbon d ioxide-s team mix tu re  t o  produce a hydrogen s u l f i d e - r i c h  gas  from which 
e l emen ta l  s u l f u r  could  be e f f i c i e n t l y  r ecove red .  The IGT mixed me ta l  ox ide  sys tem,  
under development s i n c e  t h e  l a t e  1970's, employs two s o r b e n t s .  One s o r b e n t ,  c o b a l t  
t i t a n a t e ,  removes 70 p e r c e n t  of t h e  s u l f u r  and can be  r egene ra t ed  w i t h  N*/O2/S02 mix- 
t u r e s  t o  produce e l emen ta l  s u l f u r .  The o t h e r  ox ide  i s  one o f  many s u i t a b l e  f o r  
removing s u l f u r  compounds t o  low l e v e l s  which can be r egene ra t ed  w i t h  a i r  and s team 
o r  n i t r o g e n  t o  produce SO,. Major examples a r e  z i n c  ox ide ,  i r o n  o x i d e ,  and copper  
ox ide .  

The c u r r e n t  r e sea rch  program conducted a t  JPL aims a t  s y n t h e s i z i n g  h igh - t empera tu re  
s u l f u r  removal s o r b e n t s  t h a t  combine s e v e r a l  d e s i r a b l e  phys icochemica l  p r o p e r t i e s .  
C e r t a i n  mixed ox ide  s o r b e n t s  have been developed  w i t h  r a p i d  k i n e t i c s  of a b s o r p t i o n  
and good so rben t  r e g e n e r a h i l i t y  a t  930° t o  1,300°F. The r ap id  a b s o r p t i o n  r a t e s  a r e  
r e a l i z e d  by e l i m i n a t i n g  or  minimiz ing  t h e  r e s i s t a n c e  a s s o c i a t e d  w i t h  s o l i d  s t a t e  d i f -  
f u s i o n .  In one c l a s s  o f  s o r b e n t s ,  s t a b l e  h igh  s u r f a c e  a r e a  can  be  ob ta ined  by e u t e c -  
t i c  mix tu res  of  me ta l  ox ide  s o r b e n t s  ( e . g . ,  ZnO-VnOs, CUno04  MOO^), which form a melt 
t h a t  c o a t s  t h e  pore  s u r f a c e  of  a h igh  s u r f a c e  a r e a  s u p p o r t .  
b e n t s  cons idered  i n  t h i s  work c o n s i s t s  o f  unsuppor ted  mixed ox ides  forming h i g h l y  
d i s p e r s e d  s o l i d  s o l u t i o n s  o r  s o l i d  compounds ( e . g . ,  ZnFepOl, CuFe204, C u F e A l O  , 
CuMo A 1  0 ) ,  c h a r a c t e r i z e d  by t h e i r  s m a l l  c r y s t a l l i n e  s i z e ,  h igh  p o r o s i t y  andxre l a -  
t i v e f y  Kifh s u r f a c e  a r e a .  A l l  so rben t s  e x h i b i t  h igh  s u l f u r  removal e f f i c i e n c y ,  
s t a b l e  conve r s ion ,  minimal po re  p lugg ing ,  and good r e g e n e r a b i l i t y .  

The o t h e r  C las s  o f  S O r -  

D i r ec t -F i r ed  Turbine  Sorben t s  

P h y s i c a l  Sc iences ,  Inc .  (PSI) i s  under tak ing  a combined t h e o r e t i c a l  and bench- sca l e  
expe r imen ta l  program t o  s tudy  t h e  f e a s i b i l i t y  of u s i n g  micronized  c o a l  and coa l -wa te r  
mix tu res  (CWM) a s  f u e l s  i n  h e a t  eng ines .  T h i s  p r o j e c t  a d d r e s s e s  two major  i n t e r r e -  
l a t e d  consequences a r i s i n g  from t h e  i n t r o d u c t i o n  of t h e s e  f u e l s  i n t o  g a s  t u r b i n e  
combustors .  The f i r s t  i s  t h e  r e l e a s e  of coal-bound mine ra l  m a t t e r  i n t o  t h e  combus- 
t i o n  p roduc t  s t r eam.  A second consequence of f i r i n g  c o a l  is t h e  emis s ions  of s u l f u r  
ox ides  which have been i d e n t i f i e d  a s  p r e c u r s o r s  t o  a c i d  r a i n .  PSI w i l l  q u a n t i f y  s u l -  
f u r  and a l k a l i  removal r a t e s  by s o l i d  s o r b e n t s  and w i l l  de te rmine  t h e  e f f e c t s  of  t h e  
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s o r b e n t s  on d e p o s i t i o n .  Westinghouse Research  and Development Center  w i l l  develop 
informat ion  on the f e a s i b i l i t y  of us ing  l i m e s t o n e  and dolomi te  s o r b e n t s  f o r  s u l f u r  
c a p t u r e  i n  pos t -combust ion  g a s  s t reams under  tempera ture  and p r e s s u r e  c o n d i t i o n s  
t y p i c a l  of d i r e c t  c o a l - f i r e d  t u r b i n e  o p e r a t i o n .  Both of t h e s e  p r o j e c t s  a r e  i n  e a r l y  
s t a g e s  with f i n d i n g s  n o t  a t  a s t a g e  t o  r e p o r t .  

Economic System S t u d i e s  

While v a r i o u s  t y p e s  o f  s u l f u r  removal sys tems a r e  i n  v a r i o u s  s t a g e s  of development ,  
Ralph M. Parsons Company and Gilbert/Commonwealth, I n c o r p o r a t e d ,  a r e  conduct ing  
s t u d i e s  f o r  c o s t  o p t i m i z a t i o n  of t h e  s u l f u r  removal technology i n  a p l a n t  complex t o  
produce 100 megawatts o f  e l e c t r i c a l  power. The G i l b e r t  s t u d y  f o c u s e s  on v a r i o u s  c o a l  
g a s i f i e r  and f i x e d - / f l u i d i z e d - b e d  s u l f u r  a b s o r b e r  and s o r b e n t  r e g e n e r a t i o n  systems 
u s i n g  t h e  Morgantown Energy Technology C e n t e r ' s  z i n c  f e r r i t e  p r o c e s s ,  t h e  I n s t i t u t e  
o f  Gas Technology 's  m e t a l  ox ide  p r o c e s s ,  and t h e  B a t t e l l e  P a c i f i c  Northwest Labora- 
t o r y ' s  s o l i d - s u p p o r t e d  m o l t e n  s a l t  p r o c e s s .  This  s t u d y  i n c l u d e s  11 c a s e s  f o r  g a s i -  
f i e r ,  ho t  gas c leanup,  a n d  r e g e n e r a t i o n  system c o n f i g u r a t i o n s  a s  summarized i n  Table  2 .  
The Parsons s t u d y  d e a l s  e x c l u s i v e l y  w i t h  s t a t e - o f - t h e - a r t  s u l f u r  recovery  from regen- 
e r a t i o n  g a s e s .  T h i s  s t u d y  i n c l u d e s  11 p r o c e s s  c o n f i g u r a t i o n s  a s  summarized i n  Table  3. 
Both of t h e s e  s t u d i e s  a r e  i n  t h e  e a r l y  s t a g e s  and conclus ions  have n o t  been reached 
concern ing  them. 

A l k a l i  Removal 

Presence  of a l k a l i  meta l  i s  a major concern i n  gas  t u r b i n e s ,  which o p e r a t e  a t  tem- 
p e r a t u r e s  of 1,800°F and h i g h e r .  Allowable l e v e l s  of a l k a l i  m e t a l s  i n  expans ion  
g a s e s  f o r  t u r b i n e s  t o  p r e v e n t  c o r r o s i o n  o r  d e p o s i t i o n  on b l a d e s ,  s t a t o r s ,  and r o t o r s  
can  be  r e a d i l y  d e r i v e d  from s t a n d a r d s  f o r  a l k a l i  c o n t e n t  f o r  l i q u i d  t u r b i n e  f u e l  (.5 
t o  5 ppm). These s t a n d a r d s  cor respond t o  a .05 t o  .5 ppm al lowance f o r  a l k a l i  meta ls  
i n  low-Btu g a s .  Encouraging r e s u l t s  were achieved  i n  measurements o f  a l k a l i  l e v e l s  
d u r i n g  a t e s t  a t  t h e  Genera l  E l e c t r i c  Company g a s i f i e r  i n  November 1984. The g a s i -  
f i e r  i s  a s t i r r e d - b e d  o p e r a t e d  i n  an a i r -b lown mode. Cleanup c o n s i s t e d  of a s i n g l e  
c y c l o n e .  A l k a l i  l e v e l s  were measured,  less t h a n  1 ppm, and approximated t h a t  ca lcu-  
l a t e d  from a l k a l i  c o n t e n t  i n  t h e  feed  c o a l  a s h .  

A l k a l i  metal  t o l e r a n c e s  f o r  MCFC a p p l i c a t i o n s  have n o t  been e s t a b l i s h e d .  A 
s t u d y  ongoing by Energy Research  Corpora t ion  (ERC) t o  de te rmine  t h e  e f f e c t  o f  t r a c e  
m e t a l s  on f u e l  c e l l s  w i l l  e s t a b l i s h  a l k a l i  t o l e r a n c e s  if i n  f a c t  t h e y  a r e  needed. 
F i g u r e s  7 and 8 show t h e  work be ing  conducted i n  t h e  a r e a s  of fundamental  s t u d i e s ,  
a l k a l i  measurement, and a l k a l i  c o n t r o l .  

Fundamental s t u d i e s  o f  r e l e a s e  mechanisms, c a p t u r e  mechanisms, and f a t e  of a l k a l i  
m e t a l s  a r e  b e i n g  conducted  by  METC, Midwest Research  I n s t i t u t e ,  and t h e  U n i v e r s i t y  of 
Ar izona .  
phase  condensa t ion  o f  a l k a l i  m e t a l s  i n  p r e s s u r i z e d  f l u i d i z e d - b e d  combustion p r o c e s s e s .  

Three  methods of a l k a l i  m e t a l  c o n t r o l  a r e  each  b e i n g  explored  by  West inghouse,  
Argonne N a t i o n a l  L a b o r a t o r y ,  and t h e  U n i v e r s i t y  o f  P i t t s b u r g h .  
aimed a t  PFBC a p p l i c a t i o n s ,  t h e  Westinghouse s t u d y  i s  d i r e c t e d  a t  p r e s s u r i z e d  c o a l  
g a s i f i c a t i o n  a p p l i c a t i o n s ,  w h i l e  t h e  U n i v e r s i t y  o f  P i t t s b u r g h  s t u d y  i s  concerned wi th  
p r o d u c t s  of e n t r a i n e d  g a s i f i c a t i o n  u s i n g  s o l i d  c o l l e c t o r s  t o  t r a p  contaminant  s p e c i e s .  

Aerodyne C o r p o r a t i o n  is updat ing  and  modifying a computer model f o r  i n t e r -  

The Argonne s t u d y  i s  

Fundamental S t u d i e s  

A U n i v e r s i t y  o f  Arizona s t u d y  i s  i n v e s t i g a t i n g  t h e  format ion  o f  a l k a l i  m e t a l  vapor  i n  
e n t r a i n e d  f low g a s i f i c a t i o n  and  combustion a t  v a r i o u s  t e m p e r a t u r e s ,  and t h e  p o t e n t i a l  
f o r  c a p t u r e  o f  t h e s e  v a p o r s  w i t h  powdered k a o l i t e  or l i m e s t o n e .  
I n s t i t u t e  is s t u d y i n g  fundamenta l  combustion chemis t ry  i n  PFBC a p p l i c a t i o n s  w i t h  t h e  
g o a l  Of v e r i f y i n g  p r e d i c t a b i l i t y  of a l k a l i  m e t a l  c o n c e n t r a t i o n s  i n  o f f  g a s e s  by  
e x i s t i n g  computer models. One such model, t h e  PACKAGE code, i s  b e i n g  m o d i f i e d ,  
upgraded,  and more f u l l y  documented by t h e  Aerodyne Corpora t ion .  
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TABLE 2. Summary of Hot Gas Cleanup Cases Studied 
by Gilbert/Commonwealth, Incorporated 

Cases 
Sorbent Process 

METCa Battelleb IGTC 

1 6 9 
2 7 10 
3 8 11 
4 
5 

Hot Gas 
C 1 e a nup 

Gasifier Reactor 

Air -- Fixed-Bed Dry Ash Fixed 
0 2  -- Texaco Quench Fixed 
0 2  -- Westinghouse Fluid Bed Fixed 
02 - -  Westinghouse Fluid Bed Fluid 
02 -- Fixed-Bed Dry Ash Fixed 

Sul f ided 
Sorbent 

Regenerator 

Fixed 
Fixed 
Fixed 
Fluid 
Fixed 

a Zinc ferrite. 

Solid-supported molten salt. 

Mixed metal oxides 

TABLE 3 .  Summary of Configurations of 1 1  "Short-List'' Process 
Candidates Assessed by The Ralph M. Parsons Company 

Candidate 

Grouping Case Concentration Sulfur Reduction/ 
Process SO2 Recovery/ 

No. No. Process Production Process Tail Gas Process 

1A Wellman-Lord Resox BSR/Claus 
1B Wellman-Lord Resox Recylce to W-L 
1c We1 h a  n-Lord Resox BSR/MDEA 
1D We 1 lman-Lord Resox BSRjSt re t f ord 

1 

2A Wellman-Lord Allied Chemical None 

2 2B Wellman-Lord Allied Chemical Recycle to W-L 

2c Wellman-Lord Allied Chemical None 

(2 Claus Stages) 

(2 Claus Stages) 

(3  Claus Stages) 

Wellman-Lord Beavon Sulfur Stretford 
Removal (BSR) 

3 3 

4A Wellman-Lord Modified Claus BSR/Selectox 

4c Wellman-Lord Modified Claus Recycle to W-L 
4 48 Wellman-Lord Modified Claus BSR/Stretford 

BSR -- Beavon Sulfur Removal. 

W-L -- Wellman-Lord 

MDEA -- Methyl-di-ethanol-amine. 
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A l k a l i  Measurement 

I n  a d d i t i o n  t o  fundamental  s t u d i e s  and development of c o n t r o l  technology,  Ames 
N a t i o n a l  Labora tory  has  deve loped  a n  o n - l i n e  a l k a l i  measuring d e v i c e ,  which was 
f u r t h e r  developed by  HXTC t o  be  capable  o f  measuring a l k a l i  c o n t e n t  t o  10  ppb. The 
meter  has been s u c c e s s f u l l y  t e s t e d  a t  t h e  p r o c e s s  development u n i t  (PDU) s c a l e  a t  
METC and a t  GE Research C e n t e r ,  Schenectady s i t e .  The meter  w i l l  be  used t o  measure 
t h e  a l k a l i  l e v e l s  a t  t h e  PDU s c a l e  a t  K R W  Energy Systems,  I n c . ,  Waltz  M i l l  s i t e .  

A l k a l i  Control  

Westinghouse, I n c o r p o r a t e d ,  h a s  conducted r e s e a r c h  i n t o  t h e  a l k a l i - g e t t e r i n g  concept  
s i n c e  October  1978. The r e s u l t s  of t h e i r  work and t h a t  o f  o t h e r s  l i k e  Argonne 
N a t i o n a l  L a b o r a t o r i e s  (ANL) l e d  t o  t h e  c o n c l u s i o n  t h a t  a f i x e d  bed o f  c y l i n d r i c a l  
p e l l e t s ,  1 /8  inch  i n  d i a m e t e r  by 114 i n c h  l o n g ,  o f  e m a t h l i t e ,  a f u l l e r ' s  e a r t h ,  i s  
t h e  b e s t  method o f  h o t  g a s  removal of a l k a l i  m e t a l s  from p r o d u c t s  o f  c o a l  g a s i f i c a -  
t i o n .  Curren t  development  i s  a t  bench s c a l e .  

A r e c e n t  100-hour tes t  conducted  by Westinghouse u s i n g  a sha l low packed bed showed a 
range  of 2.0 t o  4 .2  weight  p e r c e n t  c a p t u r e  o f  sodium by t h e  e m a t h l i t e .  The feed  gas 
sodium c o n c e n t r a t i o n  was reduced from 10 ppm t o  approximate ly  2 ppm. I n  l a b o r a t o r y  
tes ts  a t  Argonne, a c t i v a t e d  b a u x i t e  shows a s i m i l a r  a b i l i t y  f o r  sodium c a p t u r e ,  b u t  
h a s  t h e  a d d i t i o n a l  advantage  of b e i n g  r e g e n e r a b l e  v i a  w a t e r  l e a c h i n g .  

ANL h a s  p ioneered  t h e  development  of g r a n u l a r  s o r b e n t s  s u i t a b l e  f o r  use  i n  a g r a n u l a r  
bed f o r  t h e  removal o f  a l k a l i  vapor  from h o t  PFBC f l u e  g a s .  A f t e r  e x t e n s i v e  screen-  
i n g  o f  p o t e n t i a l  c a n d i d a t e  s o r b e n t s ,  a c t i v a t e d  b a u x i t e  and diatomaceous e a r t h  were 
found t o  be  t h e  most e f f e c t i v e  s o r b e n t s  i n  c a p t u r i n g  NaC1, K C 1 ,  and K2S04 vapors  from 
a s imula ted  h o t  PFBC f l u e  gas  a t  a tmospher ic  p r e s s u r e .  

In  recent  l a b o r a t o r y - s c a l e ,  f ixed-bed  s o r p t i o n  s t u d i e s  a t  ANL, performed a t  condi-  
t i o n s  t h a t  c l o s e l y  s i m u l a t e  t h e  a c t u a l  PFBC f l u e  gas ( t e m p e r a t u r e ,  1,560°F; p r e s s u r e  
10 atm a b s o l u t e ;  gaseous composi t ion ,  3 p e r c e n t  0 2 ,  16 p e r c e n t  C O P ,  5 p e r c e n t  H20, 
250 ppmV 5 0 2 ,  few ppmV NaCl v a p o r ,  and t h e  b a l a n c e  NZ) ,  NaC1-vapor removal e f f i c i e n -  
c i e s  g r e a t e r  than  99 p e r c e n t  were achieved  f o r  bo th  a c t i v a t e d  b a u x i t e  and diatomace-  
ous e a r t h  s o r b e n t s .  I t  was a l s o  demonst ra ted  t h a t  a c t i v a t e d  b a u x i t e  can be e a s i l y  
and e f f e c t i v e l y  r e g e n e r a t e d  f o r  r e u s e  by a s i m p l e  water - leaching  p r o c e s s .  
n a r y  e v a l u a t i o n  i n d i c a t e d  t h a t  t h e  f i x e d  granular -bed  f i l t e r  concept  f o r  t h e  c o n t r o l  
of a l k a l i  vapors  from PFBC f l u e  gas  i s  economica l ly  a t t r a c t i v e .  

A r e s e a r c h  p r o j e c t  h a s  b e e n  i n i t i a t e d  a t  t h e  U n i v e r s i t y  o f  P i t t s b u r g h  whose o b j e c t i v e  
i s  t h e  c o n t r o l  of e m i s s i o n s  of a l k a l i  m e t a l s ,  t r a c e  m e t a l s ,  and a r o m a t i c  hydrocarbons 
t h a t  occur  i n  advanced c o a l  convers ion  p r o c e s s e s  such a s  p u l v e r i z e d  c o a l  combustion 
f o r  t u r b i n e  a p p l i c a t i o n s .  The p r o c e s s  i s  t h e  a d s o r p t i o n  o f  t h e  u n d e s i r a b l e  components 
o n t o  t h e  s u r f a c e  o f  a s o l i d  c o l l e c t o r ,  such  a s  p u l v e r i z e d  alumina,  which is  i n j e c t e d  
i n t o  t h e  f lame mixed w i t h  t h e  f e e d  c o a l .  The p a r t i c l e  s i z e  o f  t h e  c o l l e c t o r  w i l l  be 
such  t h a t  i t  can be  e a s i l y  removed from t h e  f l u e  gas by  a cyclone or o t h e r  s e p a r a t o r .  

Tar  Remova 1 

The problem of removing t a r  and o t h e r  l i g h t e r  hydrocarbons from h o t  c o a l  gas  s t reams 
is o f  i n t e r e s t  p r i m a r i l y  f o r  i n t e g r a t e d  c o a l  g a s i f i c a t i o n / m o l t e n  c a r b o n a t e  f u e l  c e l l  
power p l a n t  a p p l i c a t i o n s  u s i n g  f ixed-bed  g a s i f i e r s .  These hydrocarbons a l s o  c a r r y  a 
n o n t r i v i a l  f r a c t i o n  o f  s u l f u r  which could impact  t h e  performance of t h e  molten carbon- 
a t e  f u e l  c e l l .  Tar  removal  is i r r e l e v a n t  f o r  gas t u r b i n e  u s e ,  and t a r  and a l l  b u t  t h e  
l i g h t e s t  hydrocarbons a r e  a b s e n t  from p r o d u c t s  of o t h e r  t h a n  f ixed-bed  g a s i f i e r s .  
F i g u r e  9 shows t h e  work b e i n g  conducted i n  t h e  a r e a  o f  t a r  removal. 

The Chemical Gas Stream Cleanup Program i n c l u d e s  a s t u d y  by  Washington S t a t e  Univer- 
s i t y  on t h e  fundamentals  o f  t a r  format ion  i n  f ixed-bed  g a s i f i e r s  and p r e l i m i n a r y  

A p r e l i m i -  
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development of  t h r e e  broad  approaches  t o  c r a c k i n g  hydrocarbons  i n  h o t  p r o d u c t  gas  
s t r eams  from f ixed-bed  g a s i f i e r s  by B a t t e l l e  P a c i f i c  Northwest Labora to ry  ( B a t t e l l e ) ,  
P h y s i c a l  Sc iences ,  Inco rpora t ed  (PSI) ,  and Massachuse t t s  I n s t i t u t e  of  Technology 
(HIT). 

Fundamentals of  Ta r  Format ion  and Removal 

T a r s  and  l i g h t e r  hydrocarbons appear  i n  t h e  raw p roduc t  gas  s t r eams  of  f ixed-bed  
g a s i f i e r s  because  c o n d i t i o n s  a t  t h e  t o p  o f  t h e  bed of c o a l  pe rmi t  c o a l  t o  d e v o l a t i l -  
i z e ,  b u t  t h e  p roduc t s  of d e v o l a t i l i z a t i o n  on ly  p a r t i a l l y  b reak  down. The t y p e  and 
y i e l d s  of t a r s  and l i g h t e r  hydrocarbons  from f ixed-bed  g a s i f i e r s  a t  v a r i o u s  condi -  
t i o n s  and t h e  s u b j e c t  of c o a l  d e v o l a t i l i z a t i o n  i n  g e n e r a l  has  been s t u d i e d  r a t h e r  
e x t e n s i v e l y .  A METC-sponsored s t u d y  by  Washington S t a t e  U n i v e r s i t y  w i l l  p rov ide  a 
compi l a t ion  of  fundamental  f a c t s  abou t  t a r  fo rma t ion  i n  f ixed-bed  g a s i f i e r s  and 
t h e i r  d e s t r u c t i o n  by c a t a l y t i c  o r  the rma l  c rack ing .  The s t u d y  a l s o  i n c l u d e s  empi r i -  
c a l  work t o  f i l l  i n  gaps i n  in fo rma t ion  r e q u i r e d  t o  d e s i g n  MCFC power p l a n t s  i n c o r -  
p o r a t i n g  methods of e l i m i n a t i n g  t a r s  from t h e  f u e l  c e l l  f eed  g a s e s .  A l so ,  s t u d i e s  
sponsored  by t h e  DOE g a s i f i c a t i o n  program a r e  p r o v i d i n g  new d a t a  on t a r  fo rma t ion  
mechanisms. 

The E f f e c t s  of  Ta r  and Other  Contaminants on F u e l  Cel l  Performance and L i f e  

P rev ious  s t u d i e s  have shown p a r t i c u l a t e s ,  s o o t ,  hydrocarbons ,  and t r a c e  e l emen t s  t o  
be p o t e n t i a l l y  d e l e t e r i o u s  t o  MCFC per formance  and l i f e .  Soot  fo rma t ion  i s  a n  impor- 
t a n t  concern  f o r  e f f i c i e n t  u t i l i z a t i o n  of c o a l  gas  i n  MCFC sys tems.  Coal  gas  i s  gen- 
e r a l l y  formed a t  t empera tu res  g r e a t e r  t h a n  t h e  MCFC o p e r a t i n g  t empera tu res  (- 1,830"F 
f o r  a g a s i f i e r  compared wi th  - 1,200°F f o r  MCFC) and t e n d s  t o  d e p o s i t  carbon i n  t h e  
f u e l  c e l l  un le s s  i t s  gas  composi t ion  i s  p r o p e r l y  " s t a b i l i z e d , "  and t h e  s u r f a c e s  and 
t h e  c o n d i t i o n s  t h a t  promote carbon d e p o s i t i o n  a r e  minimized. The p resence  of  hydro- 
ca rbons ,  t a r s  and oils, e t c . ,  can  f u r t h e r  aggrava te  this prohlem. T h e  e f f e c t  of pa r -  
t i c u l a t e  m a t t e r  p r e s e n t  i n  c o a l  g a s  (even  a f t e r  v a r i o u s  c leanup s t e p s )  has  n o t  been  
c h a r a c t e r i z e d  so f a r ,  excep t  f o r  some t h e o r e t i c a l  modeling under a WestinghouselEnergy 
Research  Corpora t ion  (ERC) s t u d y  performed f o r  METC. S i m i l a r l y ,  on ly  some thermo- 
dynamic c a l c u l a t i o n s  have been  performed on t h e  p o s s i b l e  e f f e c t s  of ammonia, a r s e n i c ,  
and o t h e r  t r a c e  e l emen t s .  A ve ry  l i m i t e d  amount of  expe r imen ta l  d a t a  i s  a v a i l a b l e  on 
t h e  p o s s i b l e  e f f e c t s  of  t h e s e  contaminants .  

Tar Cracking  

Three  p re l imina ry  development p r o j e c t s  a t  B a t t e l l e ,  PSI ,  and HIT f o r  t a r  removal 
sponsored  by METC invo lve  t h e  u s e  of  a c r a c k i n g  c a t a l y s t .  
below 1 ppm i s  r e q u i r e d  f o r  MCFC, a p r e l i m i n a r y  goa l  i s  t o  remove a s u f f i c i e n t  quan- 
t i t y  of  t a r  and/or  d e s u l f u r i z e  t h e  remain ing  t a r  so  t h a t  t h e  t a r  s u l f u r  c o n t e n t  does 
not preven t  achievement of  d e s u l f u r i z a t i o n  r equ i r emen t s .  
d i r e c t e d  t o  conve r t  t h e  s u l f u r  i n  t h e  t a r  t o  a form (such  a s  HzS) which can  be  
removed by a h o t  gas  d e s u l f u r i z a t i o n  p r o c e s s .  The r e s u l t s  of  t h e  c a t a l y t i c  c rack ing  
of  c o a l  t a r s  a r e  shown i n  F igu re  10. The PSI s t u d y  i s  aimed a t  i n -p rocess  d e s t r u c -  
t i o n  of  a romat ic  hydrocarbons ,  w h i l e  t h e  HIT s t u d y  i s  concerned wi th  q u a n t i t a t i v e  
unde r s t and ing  of  t h e  thermal  r e a c t i o n s  o f  a romat i c  contaminants  w i th  ca lc ium ox ide .  

S ince  s u l f u r  removal t o  

The B a t t e l l e  s t u d y  i s  

T race  Spec ie s  Removal 

A r e s e a r c h  program i n  suppor t  o f  a h igh- tempera ture  p r o c e s s  f o r  t h e  removal of  s u l f u r  
and a r s e n i c  c o n t a i n i n g  compounds a s  w e l l  a s  o t h e r  t r a c e  contaminants  from coa l -de r ived  
f u e l  gas  was i n i t i a t e d  a t  ERC. 
sys tem which may be r egene rab le  wi th  steam and hydrogen o r  oxygen. T h i s  concept  i s  
suppor t ed  by t h e  f a c t  t h a t  n i c k e l  has  a s t r o n g  a f f i n i t y  f o r  b o t h  s u l f u r  and a r s e n i c  
even a t  low c o n c e n t r a t i o n s  (<  10 ppm). Both t h e  contaminants  a r e  known po i sons  f o r  
t h e  n i c k e l  c a t a l y s t s .  
c i a t i v e  chemiso rp t ion .  A number o f  s t u d i e s  i n d i c a t e  t h a t  a gas  s t r eam can  be  p u r i f i e d  

The p rocess  t o  be exp lo red  u t i l i z e s  a n i c k e l  so rben t  

The a d s o r p t i o n  of  s u l f u r  on n i c k e l  o c c u r s  by  r e v e r s i b l e  d i s s o -  
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to very low levels of sulfur with a nickel-based catalyst, which may be regenerable 
as well. 
control and measurement. 

Figure lla shows the work being conducted in the areas of trace species 

Chloride Removal 

Chloride removal to . 1  to 10 ppm has been established as a requirement for MCFC 
applications. Requirements for other applications have not been established, but 
they are not expected to be as stringent. 
laboratory-scale process to remove HC1 to below 1 ppm. Figure llb shows the work 
being conducted in the area of chloride removal. 

SRI International is developing a 

Nitrogen Removal 

Most of the ammonia emitted from a typical gas producer has been determined to come 
from the reduction of the nitrogen in the fuel. The temperature-pressure relation- 
ships in an atmospheric or low-pressure gas producer are sufficient for the breakdown 
of ammonia in the presence of a catalyst. A large number of such catalysts have 
been manufactured and tested. In general, these catalysts tend to be expensive and 
susceptible to irreversible poisoning by hydrogen sulfide (HzS). Previous experi- 
mental work has indicated that the irreversible poisoning of the catalyst could be 
avoided by removing the H2S from the producer gas prior to exposure to the 
catalyst. It has also been suggested that combining these catalysts with the fuel 
in the gasifier would avoid contact of the evolving HzS gas with the catalyst and 
achieve the desired reduction. 

A project will soon be initiated to explore both methods of ammonia decomposition, 
develop preliminary process economics, and make some preliminary determinations of 
their applicability to full-scale coal-powered gasification systems. 

CONCLUSION 

The results obtained from the ongoing DOE-funded projects related to the chemical gas 
stream cleanup are encouraging. The design data will be available for process engi- 
neers to develop hot gas desulfurization/regeneration systems design using zinc fer- 
rite as the sorbent. 
HzS, COS, and HC1 to less than 1 ppm. 

An alkali meter has been developed which can be used wherever on-line measurements of 
trace alkali metal concentration in hot dirty gas or combustion product streams are 
required. Alkali sorbents have also been identified to remove alkalis to very low 
levels when required. 
to convert the sulfur in the tar to hydrogen sulfide which can be removed by a hot 
gas desulfurization process. 
which will not crack and deposit coke on the electrodes of a molten carbonate fuel 
cell. Another sorbent has been identified for hot removal of the trace contaminants 
(sulfur and arsenic) present in coal gas to sub-ppm levels for MCFC applications. 

The results obtained through efforts on these projects promise to show marked 
improvements in the development of advanced cleanup concepts for controlling and/or 
removing contaminants economically from coal-derived gas streams. Advanced research 
efforts wiil continue as well as efforts to determine the overall technical and 
economic feasibility of these concepts for possible future commercialization by the 
private sector. 
using these concepts could provide advanced coal conversion/utilization system with 
emissions far below these seen from today's coal-fueled power systems. 

Novel sorbents have been identified for potential removal of 

Promising results have been obtained using the novel sorbents 

These sorbents can also convert the tars to compounds 

Successful eventual commercialization of cleanup unit operations 
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Figure 1 .  Cleanup Program Integration 
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Figure 2. Temperature-Pressure Envelopes 

Figure 3. Chemical Gas Stream Cleanup Program 
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Figure 4. Sulfur Removal Projects 

Figure 5. Fuel Gas Desulfurization 
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Figure 6. Zinc Ferrite Sulfidation 
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Figure 7. Alakli Removal Projects 

Figure 8. Alkali Removal Projects 

Figure 9. Tar Removal Projects 
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Figure 10. Catalytic Cracking of Coal Tars (Battelle-PNL) 

Figure 11 a. Trace Species Removal Projects 
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Figure 11 b. Chloride Removal Projects 
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HIGH-TEMPERATURE RE GENERATIVE REMOVAL OF H2S BY POROUS MIXED O X I D E  SORBENTS 

M.J. Bagajewicz,T'and P.K. Sharma 

J e t  Propu ls ion  Laboratory andt Department o f  Chemical Engineer ing 
C a l i f o r n i a  I n s t i t u t e  o f  Technology 

Pasadena, C a l i f o r n i a  91109 

M .  Flytzani-Stephanopoulos, S. Tamhankar,t G.R. Gavalas,' 

ABSTRACT 

Several mixed-metal oxides (ZnFezO4, CuFe204, CuA1204, Cu-Fe-Al-0) Mere i n v e s t i -  
gated as regenerable sorbents f o r  t'he high-temperature removal o f  H2S. A special 
technique was used t o  prepare the  sorbents i n  a h i g h l y  porous form. The sorbents 
were subjected t o  successive s u l f i d a t i o n / r e g e n e r a t i o n  cyc les  i n  a packed bed 
microreactor.  S u l f i d a t i o n  was c a r r i e d  out a t  538-650°C with H ~ S - H ~ O - H Z - N ~  mixtures,  
regenerat ion w i t h  02-N2-H20 mixtures.  The fresh, s u l f i d e d  and regenerated sorbents 
were analyzed by XRO. Sol i d  conversion and pre-breakthrough e x i t  H2S concentrat ion 
are  discussed i n  terms o f  physical  s t r u c t u r e  and thermodynamic proper t ies  o f  the 
sorbents. I n  the  case o f  CuFe204, C~A1204 ??d CuFeAIOx, sorbent performance i s  
discussed i n  terms o f  changes i n  the  o x i d a t i o n  s t a t e s  o f  copper and i r o n  dur ing 
s u l f i d a t i o n .  

INTRODUCTION 

High temperature d e s u l f u r i z a t i o n  o f  coa l -der ived  f u e l  gas o f f e r s  p o t e n t i a l  
improvements on t h e  thermal e f f i c i e n c y  o f  systems using coal g a s i f i c a t i o n  such as 
power p lan ts  (h igh  temperature fuel c e l l s ,  combined c y c l e )  and synthesis gas 
conversion p lan ts  (amnonia, methanol). Over the  l a s t  ten  years, several sorbents 
have been proposed and i n v e s t i g a t e d  f o r  t h e  regenera t ive  removal o f  the  main s u l f u r  
compound, i.e. hydrogen s u l f i d e ,  from f u e l  gas a t  h igh  temperatures. The l e v e l  of 
H2S removal needed depends on the  end use o f  the  fue l  gas. For power p lan t  
combustion purposes, removal down t o  about 100 ppm i s  adequate, b u t  f o r  molten 
carbonate fue l  c e l l  a p p l i c a t i o n s  removal down t o  a l e v e l  o f  1 ppm may be required. \ 

The thermodynamics o f  var ious sorbents have been analyzed i n  (1 )  and ( 2 )  among 
o ther  reports.  Comprehensive surveys o f  experimental work encompassing var ious h igh I 

The o v e r a l l  performance of a sorbent depends on a v a r i e t y  o f  propert ies.  \r 

Thermodynamics and k i n e t i c s  o f  s u l f i d a t i o n  are  obvious fac to rs ,  f o r  they  determine 
t h e  overa l l  s u l f u r  c a p a c i t y  be fore  breakthrough o f  some predetermined leve l  o f  H2S. 
K i n e t i c s  encompasses t h e  r a t e s  of pure ly  chemical steps as we l l  as the r a t e  o f  pore 
d i f f u s i o n  and, more c r u c i a l l y ,  d i f f u s i o n  i n  t h e  s u l f i d e  product layer .  Surface area 
and pore s i z e  d i s t r i b u t i o n  are  very impor tan t  sorbent p roper t ies  as they determine 
t h e  r a t e  of these d i f f u s i o n a l  processes. Zinc oxide, one o f  the most promising and 
w ide ly  s tud ied  sorbents,  has very h igh  e q u i l i b r i u m  constant f o r  s u l f i d a t i o n  but  i n  
i t s  unsupported form s u f f e r s  from slow k i n e t i c s  l i m i t i n g  i t s  s u l f i d a t i o n  capaci ty.  
I r o n  oxide, on t h e  o t h e r  hand, has r a p i d  k i n e t i c s  but  i t s  e q u i l i b r i u m  constant f o r  
s u l f i d a t i o n  i s  n o t  adequate f o r  the  degree o f  H2S removal requ i red  i n  t h e  molten 
carbonate fuel c e l l  a p p l i c a t i o n .  

The o ther  impor tan t  sorbent o roper t ies  r e f e r  t o  s t a b i l i t y  o r  r e g e n e r a b i l i t y  i n  
extended use, the  opera t ing  cond i t ions  requ i red  f o r  regeneration, and t h e  composition 
of  t h e  regenerat ion o f f -gas ,  which l a r g e l y  determines the  choice o f  a downstream 
s u l f u r  recovery process. Using z inc  ox ide  as an example again, i t  i s  we l l  known t h a t  
evaporat ive l o s s  of m e t a l l i c  z inc places an upper l i m i t  on t h e  s u l f i d a t i o n  
temperature. Loss of surface area dur ing  regenerat ion places an upper l i m i t  on the 
temperature o r  necess i ta tes  a more compl icated regenera t ive  t reatment.  The 
regenerat ion off-gas i n c l u d i n g  s u l f u r  d iox ide ,  hydrogen s u l f i d e  and elemental su l fu r  
requ i res  f u r t h e r  t reatment f o r  s u l f u r  recovery. When the  y i e l d  o f  elemental su l fu r  

temperature sorbents have a l s o  been publ ished (1-7).  Y 
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i s  s u f f i c i e n t l y  high, s u l f u r  recovery can be s i m p l i f i e d  w i t h  s i g n i f i c a n t  o v e r a l l  cost  
b e n e f i t s  (6). 

With several o f  t he  thermodynamical ly favorable Hzs sorbents repor ted t o  date, 
slow ra tes  of  reac t i on  and pore d i f f u s i o n ,  s in te r i ng ,  and pore p lugging l i m i t  sorbent 
capaci ty  and degree o f  p u r i f i c a t i o n  under p r a c t i c a l  condi t ions.  Such i s  the case 
w i t h  some comnercial ZnO sorbents where repor ted conversions a t  breakthrough were 
l e s s  than 20 percent. 

Recent research has s h i f t e d  from pure t o  mixed metal oxides w i t h  t h e  goal of 
improving sorbent performance. For example, z inc f e r r i t e  has been found t o  possess 
b e t t e r  capaci ty  and r e g e n e r a b i l i t y  than pure z inc oxide (5) .  Mixed ZnO-CuO has been 
s tud ied  f o r  i t s  b e t t e r  res i s tance  t o  sur face area l o s s  (8) and var ious o the r  mix tures 
i n c l u d i n g  ZnO-Cr203 and ZnO-A1 03 have been s tud ied  w i t h  the o b j e c t i v e  o f  in -  
creas ing the  y i e l d  o f  elementa? s u l f u r  du r ing  regenerat ion (6). Mixed oxides form 
var ious d i s t i n c t  c r y s t a l l i n e  phases o r  s o l i d  compounds, and should genera l l y  possess 
d i f f e r e n t  thermodynamic p r o p e r t i e s  and r e a c t i v i t y  with respect t o  reduct ion,  s u l f i d a -  
t i o n ,  and regenerat ion react ions.  This  has so f a r  received l i m i t e d  a t ten t i on .  

The preceding d iscuss ion emphasizes the  v a r i e t y  o f  p roper t i es  impact ing sorbent 
performance and p o i n t s  ou t  t he  need f o r  synthes is  o f  sorbents combining several 
des i rab le  proper t ies.  On-going research a t  the J e t  Propuls ion Laboratory  aims at  
developing improved sorbents f o r  d e s u l f u r i z a t i o n  o f  ho t  coal -der ived gas streams. 
Two classes o r  sorbents have been developed (9,lO) both character ized by rap id  
k i n e t i c s  o f  absorpt ion and good sorbent r e g e n e r a b i l i t y  du r ing  operat ion a t  500-700OC. 
D e t a i l e d  desc r ip t i on  o f  t h e  f i r s t  c lass o f  sorbents, which cons is t  o f  supported mixed 
oxides t h a t  form e u t e c t i c  mel ts  coa t ing  the pores o f  h igh  sur face area supports a t  
t h e  operat ing temperatures, can be found i n  recent repor ts  (9.10). I n  t h i s  paper, we 
l i m i t  our d iscuss ion t o  t h e  second c lass  o f  sorbents i nves t i ga ted  i n  our work. This 
cons is t s  o f  unsupported mixed oxides forming h i g h l y  dispersed s o l i d  s o l u t i o n s  or 
s o l i d  compounds character ized by small c r y s t a l l i t e  size, h igh p o r o s i t y  and r e l a t i v e l y  
h i g h  sur face areas. The sorbent i s  a m ix tu re  o f  Cu or Zn oxides with one o r  both o f  
A1 and Fe oxides prepared i n  a specia l  manner which provides the sorbent i n  a h i g h l y  
porous form w i t h  a range o f  pore sizes. This  prevents f o u l i n g  o f  t he  sorbent dur ing 
absorpt ion and/or regenerat ion cycles. 

EXPERIMENTAL 

a] Sorbent Preparat ion 
Several methods are descr ibed i n  the  l i t e r a t u r e  (11-14) f o r  synthes iz ing h i g h l y  

d ispersed mixed oxides. E a r l y  attempts t o  form h i g h  sur face area metal oxide 
sorbents by p r e c i p i t a t i n g  mixed carbonates from homogenous s a l t  so lu t i ons  f o  lowed by 

bu lk  sorbents e i t h e r  i n  s i n g l e  or  mixed form were then prepared by a technique tha t  
r e s u l t e d  i n  h igh  pore volume and sur face area. Fol lowing a general procedure 
suggested i n  the  l i t e r a t u r e  (14). an aqueous s o l u t i o n  o f  thermal ly  decomposable metal 
s a l t s  i n  the  des i red  p ropor t i on  and an organic po l y func t i ona l  ac id  con ta in ing  at  
l e a s t  one hydroxy - and a t  l e a s t  one ca rboxy l i c  f u n c t i o n  i s  r a p i d l y  dehydrated under 
vacuum a t  a temperature o f  7OOC. An amorphous s o l i d  foam forms which i s  ca lc ined at 
an e levated temperature above 300OC. usua l l y  5OOOC t o  6OO0C, t o  form a mixed oxide 
phase. The c r y s t a l l i z e d  mixed oxides thus formed are homogenous and h i g h l y  porous. 

Th is  method was used t o  prepare the  bu lk  sorbens CF (CuFez04) ZF (ZnFe204). CA 
(CuA1204), C.FA ( X u 0  Fez03 AlzO3). and others. A l l  these ma te r ia l s  were prepared as 
d ispersed m i c r o c r y s t a l l i n e  s o l i d s  w i t h  h igh  po ros i t y .  To i l l u s t r a t e  the  porous 
s t r u c t u r e  o f  these so l  i ds ,  scanning e l e c t r o n  micrographs (SEM) o f  copper f e r r i t e  
(CuFeZO4), before and a f t e r  s u l f i d a t i o n ,  are depic ted i n  F igure 1. The micrographs 
show very l a r g e  (2 10,m) as we l l  as submicron s i z e  pores. The gross porous s t ruc tu re  
be fo re  and a f t e r  s u l f i d a t i o n ,  appears very s i m i l a r .  X-ray d i f f r a c t i o n  ana lys i s  (XRD) 
us ing  Cu Kn source on a Siemens A l l i s  D 500 inst rument  showed t h a t  t he  mixed oxides 
ZnO-FezOj and CuO-Fe 03 had the  f e r r i t e - s p i n e l  s t ruc tu re ,  ZnFez04 and CuFe204, re- 
spec t i ve l y ,  wh i l e  Cu6-AlzO3 formed the  aluminate sp ine l  CuA1204. The CFA sorbent had 

d r y i n g  and c a l c i n i n g  resu l ted  i n  ma te r ia l s  o f  low sur face area, about 5-8m 4 /g. The 
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F i g u r e  1. Scann ing  E l e c t r o n  M ic rog raphs  o f  F resh  and S u l f i d e d  Copper F e r r i t e .  
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a surface area of 26 m2/g and consis ted o f  c r y s t a l l i n e  CuO, FeA1204, CuFe204, and 
amorphous A1203 phases. Low angle XRD ana lys i s  ofe ZnFe20q revealed a m ic roc rys ta l -  
l i n e  s t r u c t u r e  w i t h  average c r y s t a l l i t e  s i z e  of 890A. 

b) 
The expJriments wer: performed i n  a qua r t z  microreactor ,  1 cm 1.0. x 4 1  cm 

length, mounted v e r t i c a l l y  i n s i d e  an e l e c t r i c  furnace and instrumented w i t h  a K-type 
thermocouple moving i n s i d e  a quar tz  thermowell  (0.3 cm I.D.) concen t r i c  t o  t h e  
reactor .  The sorbents were loaded i n  t h e  microreactor  as -20+40 mesh p a r t i c l e s .  
The unsupported sorbents were mixed w i t h  low sur face area z i r c o n i a  or alumina 
p a r t i c l e s ,  which served as an i n e r t  f i l l e r .  The use o f  the i n e r t  p a r t i c l e s  a l lows t o  
compress the experimental run t ime  by decreasing the  bed capacity, wh i l e  ma in ta in ing  
t h e  same space ve loc i t y .  D i f f e r e n t  gases from c y l i n d e r s  passed through p u r i f i e r s  and 
then  throL. ' i  c a l i b r a t e d  f lowmeters i n t o  a comnon gas l i n e .  The gas m ix tu re  then 
passed through the reac to r  i n  the  upward o r  downward d i r e c t i o n .  The l i n e s  l ead ing  t o  
the  reac to r  were heated and insulated.  Ni t rooen bubbl ing through water maintained at 
constant  temperature i n  a 3-neck f l a s k  assembly was used t o  in t roduce known amounts 
o f  water vapor i n t o  the feed gas stream. Temperatures a t  var ious l o c a t i o n s  i n  t h e  
reac to r  system were monitored by K-type thermocouples connected t o  a multi -channel 
d i g i t a l  readout. The reac to r  pressure i n  a l l  cases was s l i g h t l y  above atmospheric. 

The experiments consis ted o f  consecutive s u l f i d a t i o n  and regenerat ion runs. I n  
a s u l f i d a t i o n  run the  s u l f u r - f r e e  sorbent was exposed t o  a feed gas con ta in ing  
H2(15-30%), H 0(7-!5%), H2S(0.2-1%) and N2 (ba lance) .  The temperature was i n  the  
range o f  50O$0ODC and was he ld  f i x e d  f o r  t h e  du ra t i on  o f  s u l f i d a t i o n .  Sul f ided 
sorbents were regenerated us ing  a n i t r o g e n - a i r  o r  steam-air m ix tu re  a t  temperatures 
o f  600-750OC. The product gas was passed through i c e  t raps  t o  condense any elemental 
s u l f u r  formed and was analyzed f o r  H2S and SO2 by a gas chromatograph HP-5830A 
equipped w i t h  a flame photometric detector .  An absorber loop con ta in ing  i od ine  
so lu t i on ,  i n s t a l l e d  i n  the  e x i t  l i n e  from t h e  gas-sampling valve, was used f o r  t he  
ana lys i s  o f  t he  t o t a l  s u l f u r  gases (HzS, SO21 produced dur ing regeneration. The 
amount o f  s u l f u r  gases absorbed was determined by t i t r a t i n g  the  excess i od ine  with a 
sodium t h i o s u l f a t e  so lu t i on .  Elemental s u l f u r  c o l l e c t e d  i n  the t r a p s  was d isso lved 
i n  a sodium s u l f i t e  s o l u t i o n  and analyzed by a standard iodometr ic  t i t r a t i o n  method. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Reactor S stem and Ex er imenta l  Procedures 

The r e s u l t s  presented i n  t h i s  sec t i on  concern the concentrat ion o f  hydrogen 
s u l f i d e  i n  the product gas du r ing  sorbent s u l f i d a t i o n .  I n  a t y p i c a l  experiment t h i s  
concentrat ion r i s e s  very s low ly  a t  f i r s t  u n t i l  a c e r t a i n  t ime  a f t e r  which it r i s e s  
r a p i d l y  t o  the i n l e t  value. The t ime o f  t h i s  abrupt change of  s lope i s  c a l l e d  the 
breakthrough time, and the  whole concen t ra t i on  vs. t ime curve i s  sometimes c a l l e d  a 
breakthrough curve. I n  the  absence o f  t ranspor t  and k i n e t i c  l i m i t a t i o n s  the 
breakthrough curve would be the  s tep func t i on ,  y=ye a t  t<t*, y=yo a t  t> t * ,  where 
ye, yo are the e q u i l i b r i u m  and i n l e t  mole f r a c t i o n s  o f  hydrogen su l f i de ,  and t* i s  
t h e  t h e o r e t i c a l  breakthrough t ime, i.e., the t ime  requi red f o r  complete s u l f i d a t i o n  
of t he  sorbent. F i n i t e  r e a c t i o n  and d i f f u s i o n  rates,  a x i a l  d i spe rs ion  and channeling 
produce experimental breakthrough curves t h a t  are smoothly sloping. The f r a c t i o n a l  
conversion a t  the actual  breakthrough t ime  prov ides a measure of  sorbent u t i l i z a t i o n  
e f f i c i ency ,  wh i l e  t h e  l e v e l  o f  HzS before breakthrough i s  a l so  an impor tant  measure 
o f  sorbent performance. 

The r e s u l t s  below are presented and discussed i n  terms o f  t h e  mole f r a c t i o n  o f  
H2S i n  the product gas versus the  normalized t ime  t/t* (sorbent  conversion). 

ZnFe204 Sorbents 

Zinc f e r r i t e  i s  one o f  t he  most e f f i c i e n t  H2S sorbents. Extens ive lab-and/ 
bench-scale t e s t s  w i t h  ZnFeZ04 have been performed a t  DOE/METC (5). The ma te r ia l  
used i n  t h a t  work was prepared by Uni ted Cata lysts ,  Inc., by the  conventional 
technique o f  high-temperature (>800"C) hea t ing  o f  mix tures o f  the pure ox ide powders. 
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The surface area of t h i s  z inc  f e r r i t e ,  designated METC-ZF, i s  -5  m2/g and i t s  pore 
volume -0.3 cc/g. 

The performance of porous z inc  f e r r i t e  (ZF) synthesized i n  t h i s  work w i t h  high 
su r face  area and l a r g e  pore s i z e  was tes ted  i n  the  quar tz  microreactor  and compared 
t o  t h e  METC-ZF sorbent a t  t he  same operat ing cond i t i ons .  Both sorbents were used as 
-20 +40 mesh p a r t i c l e s  mixed w i t h  low sur face area alumina p a r t i c l e s .  

A t  538OC (lOOO°F) su l  f i d a t i o n  temperature, the s t a b l e  pre-breakthrough 
conversion o f  ZF sorbent  was >0.75, wh i l e  t h a t  o f  METC-ZF was 0.35-0.40. Both 
sorbents were capable o f  removing H2S from -2500 ppm t o  l ess  than 1 ppm l e v e l  w i t h  
a feed gas c o n t a i n i n g  20 v o l %  H2 and 6.5 vo l% H20. The h ighe r  conversion o f  ZF 
must be a t t r i b u t e d  t o  i t s  d i f f e r e n t  phys ica l  p roper t i es .  SEM micrographs o f  the 
s u l f i d e d  ZF and METC-ZF sorbents show t h a t  t he  pore s t r u c t u r e  o f  the two i s  very 
d i f f e r e n t ,  w i t h  METC-ZF l a c k i n g  the  l a r g e  pores of  ZF. The gross morphological 
f ea tu res  o f  t h e  l a t t e r  were t h e  same before and a f t e r  s u l f i d a t i o n  which i s  i n d i c a t i v e  
o f  h igh  a c c e s s i b i l i t y  t o  H2S and l i m i t e d  or no pore mouth b lock ing.  

S i m i l a r l y  h igh  convers ion (>0.75) was obtained w i t h  ZF a t  a l l  temperatures 
538-65OOC and w i t h  a s u l f i d a t i o n  gas con ta in ing  15-208 He,  7,-25% H20, 0.21% H2S, 
balance N2 by volume. F igure 2 shows H2S breakthrough curves w i t h  the  ZF sorbent a t  
6OOOC sulfidation/regeneration. Very sharp e l u t i o n  p r o f i l e s ,  i n d i c a t i v e  o f  f a s t  
r e a c t i o n  and d i f f u s i o n  rates,  are observed i n  t h i s  f igure.  A l i m i t a t i o n  o f  a l l  z inc 
f e r r i t e  sorbents, however, i s  t h a t  a t  s u l f i d a t i o n  temperatures I p O O O C ,  z i nc  metal 
l o s s  takes p lace ( v i a  reduc t i on  of ZnO). I n  deposi ts  c o l l e c t e d  from the  coo le r  pa r t  
o f  t he  reac to r  tube, z inc  has been i d e n t i f i e d  by Atomic Absorption (AA) analys is .  
Loss o f  z inc could no t  be prevented even w i t h  h igh  H20 and low H2 concentrat ions i n  
t h e  feed gas. A t  6OO0C, a t  t h e  cond i t i ons  of F igure 2, the r a t e  o f  evaporative Zn 
l o s s  was 8 and 26 weight  percent per  1000 hours at  space v e l o c i t i e s  o f  2100 and 6900 
h r - l , r espec t i ve l y .  The corresponding content o f  Zn vapor i n  the gas phase was -1.3 
ppm, c lose t o  the e q u i l i b r i u m  value f o r  the ZnO reduct ion.  Therefore, under t y p i c a l  
s u l f i d a t i o n  cond i t i ons ,  ZnO reduc t i on  w i l l  r a p i d l y  reach equ i l i b r i um.  A slow 
d e c l i n e  i n  conversion, observed between the  f i r s t  and f o u r t h  cyc les o f  s u l f i d a t i o n  / 
regenerat ion i n  F igu re  2, may be a t t r i b u t e d  t o  z inc metal loss. 

CuFe204 Sorbents 

Bulk porous copper f e r r i t e  was inves t i ga ted  w i t h  the hope o f  avoid ing two 
d i f f i c u l t i e s  t h a t  a r i s e  w i t h  zinc-based sorbents, namely the l oss  o f  m e t a l l i c  zinc at  
temperatures ~600OC and t h e  h igh  (270OOC) regenerat ion temperatures requi red for 
decomposition o f  z inc  s u l f a t e .  

Copper ox ide by i t s e l f  i s  known t o  reduce t o  the metal under the  condi t ions of 
temperature and feed composit ion employed. M e t a l l i c  copper, i n  turn,  i s  s u l f i d e d  
accord ing t o  t h e  r e a c t i o n  

> 

2 C U  + H2S = C U ~ S  + H2 1)  

For a feed gas w i t h  20 mol% H2, the e q u i l i b r i u m  HzS l e v e l  i s  44.5 ppm a t  538OC 
and 89 ppm a t  650OC. Although these l e v e l s  are q u i t e  h igh  i t  was thought t h a t  the 
e q u i l i b r i u m  w i t h  copper f e r r i t e  could be lower because o f  i t s  d i f f e r e n t  c rys ta l  
s t ruc tu re .  

The copper f e r r i t e  (CF) sorbent was prepared by t h e  technique described e a r l i e r .  
H2S breakthrough curves i n  several s u l f i d a t i o n  cyc les at  538OC showed t h a t  the pre- 
b r e a k t h w j h  sorbent convers ion was h igh  (-0.80) and s tab le  (over 6 cyc les) ,  Figure 
3. I n  a l l  cases the  pre-breakthrough H2S l e v e l  was below the value o f  44.5 ppm 
c a l c u l a t e d  f o r  t he  e q u i l i b r i u m  o f  reac t i on  1. I n  fac t ,  t he  H2S l e v e l  remained 
below 2 ppm u n t i l  0.5 conversion and then g radua l l y  increased t o  4 0  ppm when the 
conversion reached 0.78. 

I n  two su l f ida t ion / regenera t ion  cyc les c a r r i e d  out  a t  6OO0C, sub-equi l ibr ium 
H2S l e v e l s  were again measured t i l l  breakthrough, which occurred a t  -0.80 sorbent 
conversion. A t  65OOC s u l f i d a t i o n  temperature, however, w h i l e  a s i m i l a r l y  h igh and 
s t a b l e  sorbent convers ion took place, t he  pre-breakthrough HzS l e v e l  a t  0.80 
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sorbent conversion was 85-90 ppm, c lose  t o  t h e  e q u i l i b r i u m  f o r  reac t ion  1. Up 
t o  0.20 sorbent conversion, sub-equ i l ib r ium H2S l e v e l s  were measured, perhaps 
i n d i c a t i v e  o f  chemisorpt ion e f fec ts .  

Charac ter iza t ion  o f  f resh, s u l f i d e d  and regenerated samples o f  CF-sorbents was 
performed by SEM and XRD analyses. As shown i n  F igure  1, t h e  gross porous s t ruc tu re  
o f  t h e  sorbent before and a f t e r  s u l f i d a t i o n  appeared very s i m i l a r  i n  SEM (as i n  the  
case of z inc  f e r r i t e ) .  XRD ana lys i s  o f  the sorbent s u l f i d e d  a t  538OC i d e n t i f i e d  the  
mixed s u l f i d e  compound CuFeS2 (cha lcopy r i t e )  a long w i t h  Fei-xS, Fe304~ unconverted 
CuFe?Oq and some amorphous mater ia l .  I n  t h e  sample s u l f i d e d  a t  650°C, the  phase 
CuFeS2 was absent, w h i l e  the re  was i n d i c a t i o n  o f  a poo r l y  c r y s t a l l i n e  Cu2s phase. 

These r e s u l t s  suggest t h a t  a t  538-600°C s u l f i d a t i o n  temperatures, CuO i s  s t a b i l -  
i z e d  towards reduc t ion  i n  the  f e r r i t e - s p i n e l .  The presence o f  CuFeS2 i n  the  sample 
s u l f i d e d  a t  538OC along w i t h  the  observed pre-breakthrough H2S l e v e l s  correspond t o  
t h e  su l  f i  d a t i  on reac t ion :  

CuFe02 + H2S = CuFeS2 + H20 2) 

The in te rmed ia te  compound CuFe02 ind i ca tes  a step-wise reduc t ion  o f  CuFezOq . 
The e q u i l i b r i u m  H2S l e v e l s  f o r  reac t i on  2 were c a l c u l a t e d  by us ing  thermodynamic 
values f o r  t he  compound Cu20.Fe 0 (15). These are  i n  agreement w i th  the  
experimental H2S l e v e l s ,  and much f e j o w  the  values f o r  m e t a l l i c  copper s u l f i d a t i o n ,  
reac t i on  1. A t  t h e  h i g h e r  s u l f i d a t i o n  temperature o f  65OOC. reduc t ion  t o  m e t a l l i c  
copper i s  very  f a s t ,  and c o n t r o l s  t h e  pre-breakthrough l e v e l s  o f  H2S a f t e r  an 
i n i t i a l  sorbent conversion o f  0.15-0.20 a t  sub-equ i l ib r ium H2S e x i t  leve ls .  

C u A l p o ~  Sorbents 

The s t a b i l i t y  o f  porous copper aluminate (CA)  o f  the sp ine l  c rys ta l  s t ruc tu re  
was inves t i ga ted  i n  a ser ies  o f  sulf idat ion/regenerat ion t e s t s  a t  538-650OC. The 
r e s u l t s  were very s i m i l a r  t o  copper f e r r i t e .  Thus, a t  538-600°C, the  H S 
pre-breakthrough l e v e l s  were below the  e q u i l i b r i u m  f o r  reac t ion  1, and h igh  (>0.7g, 
based on Cu2S) and s t a b l e  (over 5-6 cyc les)  sorbent conversion was observed. 
Copper i n  t h e  +2 o r  +1 o x i d a t i o n  s t a t e  was apparent ly  s t a b i l i z e d  i n  t h e  alumina 
m a t r i x  and c o n t r o l l e d  t h e  e x i t  l e v e l  o f  H2S t i l l  breakthrough. A t  65OoC, the  HzS 
e x i t  l eve l s  a f t e r  -0.20 sorbent conversion corresponded t o  s u l f i d a t i o n  o f  m e t a l l i c  
copper. With copper aluminate, however, s t r u c t u r a l  changes t h a t  occurred a t  65OOC 
were reversed when t h e  temperature was lowered t o  538OC. This was not t r u e  w i th  
copper f e r r i t e  sorbents. 

M i  xed Cu-Fe-Al-0 (CFA) Sorbents 
I n  view o f  t h e  enhanced s t a b i l i z a t i o n  o f  copper oxide i n  copper aluminate sor-  

bents, a mixed copper f e r r i t e - c o p p e r  aluminate m a t e r i a l ,  CFA w i t h  ZCuO:Fe~03:A1203 
molar r a t i o  was prepared i n  porous bu lk  form ( w i t h  26 m2/g surface area) as a 
p o t e n t i a l  sorbent f o r  h igher  (>6OO0C) temperature H2S removal. Under s i m i l a r  
opera t ing  cond i t ions ,  t h i s  sorbent was super io r  t o  e i t h e r  copper f e r r i t e  or  copper 
aluminate i n  regard t o  pre-breakthrough H2S l eve l s ,  which were lower than t h e  
e q u i l i b r i u m  o f  r e a c t i o n  1 a t  a l l  temperatures, 538-650OC. An example i s  shown i n  
F i g u r e  4 f o r  650°C s u l f i d a t i o n  temperature w i t h  a gas conta in ing  20 ~ 0 1 %  H2, 25 ~ 0 1 %  
i i20 ,  i v o i %  ti2$.,  aaiance NE. The performance was s tab le  over f i v e  cycles of 
sulfidation/regeneration w i t h  a h igh  pre-breakthrough sorbent conversion of 0.75. I n  
add i t ion ,  remarkably h igh  H2S removal e f f i c i e n c y  was achieved by t h i s  sorbent, w i th  
pre-breakthrough H S l e v e l s  i n  t h e  range o f  0-10 ppm up t o  0.50 sorbent conversion 
and less  t h a n  35-40 ppm a t  breakthrough. These l e v e l s  a re  we l l  below the  
corresponding e q u i l i b r i u m  (89 ppm) f o r  m e t a l l i c  copper s u l f i d a t i o n  a t  650°C. 

X R D  ana lys i s  o f  t h e  f resh  and s u l f i d e d  ( a f t e r  cyc le  4) CFA sorbent was per- 
formed t o  i d e n t i f y  s t a b l e  c r y s t a l l i n e  phases t h a t  may be responsible f o r  t he  improved 
Performance of t h i s  sorbent. The f resh  CFA cons is ted  of  CuFe204, CUO, FeA1204 and 
some amorphous ma te r ia l  (probably A1203), w i t h  FeA1204 ( i r o n  aluminate) i n  h igh ly -  
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m i c r o c r y s t a l l i n e  form. The s u l f i d e d  sample conta ined CuS, FeS and CuFe2S3 along 
w i t h  amorphous ( t o  XRD) alumina. These r e s u l t s  are very important, i n d i c a t i v e  o f  
s t a b i l i z a t i o n  o f  both Cu2+ and Fez+ i n  the  sorbent m a t r i x  and associated improved 
absorpt ion e q u i l i b r i a .  

Addi t ional  t e s t i n g  o f  t h e  s t a b i l i t y  and performance o f  t he  CFA sorbent was 
conducted w i t h  a coal g a s i f i e r  gas s imulant  con ta in ing  17% H2, 12% CO, l O % C O ~ ,  
24% H20, 0.5-1% H2S, balance N2 by volume. S i m i l a r  r e s u l t s  t o  those shown i n  
F igu re  4 were obtained. D i f f e r e n t  cond i t i ons  used i n  regenerat ion d i d  not  a f f e c t  the 
performance o f  t he  sorbent. Other parametr ic  s tud ies  w i t h  CFA inc luded t e s t i n g  a t  a 
lower  (-1000 h r -1 )  space v e l o c i t y ,  and d i f f e r e n t  H S concentrat ions i n  t h e  su l f i da -  
t i o n  gas. No s i g n i f i c a n t  e f f e c t  on the sorbent performance was observed. A t o t a l  o f  
fourteen cyc les o f  su l f i da t i on / regenera t i on  were run w i t h  CFA a t  650OC. The surface 
area o f  t h e  s u l f i d e d  sorbent a t  t he  end o f  t he  fou r teen th  cyc le  was -8m*/g, s t i l l  
a moderately h igh  value, e s p e c i a l l y  a f t e r  the f requent  and extended use o f  CFA at  
7OOOC (du r ing  regenerat ion) .  

Another se r ies  o f  t e s t s  w i t h  a d i f f e r e n t  batch o f  CFA sorbent were conducted at  
t h e  h igher  temperature o f  830°C w i t h  a reactant  m ix tu re  con ta in ing  30 mol% H2, 17 
mol% H20, 1 mol% H2S. balance Np, s imu la t i ng  the  Texaco g a s i f i e r - f u e l  gas. I n  three 
cyc les,  breakthrough o f  H S took p lace a t  complete (100%) sorbent conversion, whi le  
t h e  pre-breakthrough H2S f e v e l  was zero up t o  -0.20 sorbent conversion and 250-270 
ppm u n t i l  f i n a l  breakthrough. These r e s u l t s  i n d i c a t e  t h a t  t he  CFA sorbent 
formulat ion has p o t e n t i a l  f o r  h ighe r  temperature (up t o  -8OO'C) app l i ca t i ons ,  such as 
mol ten carbonate f u e l  c e l l s  and combined-cycle power p l a n t s  employing gas turb ines.  

CONCLUSIONS 

Sorbents prepared i n  t h i s  work w i t h  l a r g e  pore s i z e  (0.5-10pm) and r e l a t i v e l y  
h igh  surface area (10-25mZ/g) have been found t o  e x h i b i t  improved performance f o r  hot 
gas cleanup a p p l i c a t i o n s  over conventional s in te red  mater ia ls .  Th i s  i s  d isp layed by 
sharp H2S e l u t i o n  p r o f i l e s  i n d i c a t i n g  r a p i d  reac t i on  and d i f f u s i o n  rates,  and minimal 
pore plugging, which a l l  r e s u l t  i n  h i g h  absorpt ion capaci ty ,  s t a b i l i t y  and good 
r e g e n e r a b i l i t y  o f  sorbents. 

Novel mixed ox ide porous sorbents have been synthesized i n  t h i s  work which 
e x h i b i t  improved thermodynamic p roper t i es  i n  a d d i t i o n  t o  t h e i r  phys ica l  a t t r i b u t e s .  
For  example, t h e  mixed Cu-Fe-Al-0 (CFA) sorbent shows much h igher  H S removal 
e f f i c i e n c y  than each o f  the pure cons t i t uen ts  alone. ZnO-containing so r ien ts  have 
been found t o  l o s e  z i n c  du r ing  s u l f i d a t i o n  ( v i a  reduc t i on  o f  ZnO) a t  temperatures - >600°C. For h igher  temperature app l i ca t i ons  the Cu-based sorbents appear t o  be more 
a t t r a c t i v e .  I n  p a r t i c u l a r ,  t h e  CFA sorbent has shown s t a b l e  and h igh  performance 
over a v a r i e t y  o f  s u l f i d a t i o n  cond i t i ons  a t  650OC. The HpS removal e f f i c i e n c y  o f  
t h i s  sorbent and suppor t i ng  XRD ana lys i s  data c o r r e l a t e  we l l  w i t h  complex react ion 
in termediates r e t a i n i n g  copper a t  a h igher  o x i d a t i o n  s t a t e  (+2 o r  +1) w i t h  associated 
b e t t e r  sul f i  d a t i  on e q u i l  i b r i  a. 

Addi t ional ,  more d e t a i l e d  t e s t i n g  and cha rac te r i za t i on  o f  these types o f  
sorbents are planned i n  f u t u r e  work t o  e l u c i d a t e  t h e  mechanism o f  high-temperature 
Sol id-phase t rans fo rma t ions  and reac t i ons  responsib le  f o r  t h e  observed sorbent 
performance and s t a b i l i t y .  
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SOLID SUPPORTED MOLTEN SALT HOT GAS CLEANUP 
FOR CARBONATE F U E L  C E L L  POWER PLANTS. 

S. E. Lyke 

Bat te l  le ,  Pacif ic  Northwest Laboratories 
P.O. Box 999, Richland, Washington 99352. 

IMTRODUCT ION 

A regenerable sorbent  f o r  removing s u l f u r  from hot fue l  gas was developed 
a t  Ba t t e l l e ,  Pac i f ic  Northwest Laboratories by supporting molten carbonates in 
porous ceramic p e l l e t s .  Recent development work has shown t h e  sorbent t o  be a 
promising candidate t o  meet t h e  s t r ingent  cleanup requirements f o r  coal 
gas i f ica t ion  molten carbonate  fuel c e l l  power p lan ts  while allowing elemental 
s u l f u r  recovery and maintaining high power production eff ic iency.  Solid 
supported molten s a l t  (SSMS) d i f f e r s  from other  methods of  hot gas cleanup i n  
tha t  the react ion products dissolve i n  t he  molten carbonate matrix resu l t ing  
i n  a t h e o r e t i c a l l y  unlimited extent of  contaminant removal. If only a s o l i d  
react ion product i s  formed, removal cannot proceed below the level a t  which 
the contaminant in  the  cleaned gas i s  i n  equilibrium with t h a t  so l id .  At the 
clean end of an SSMS absorber  the concentrat ions of react ion product su l f ides  
and chlor ides  i n  t h e  sorbent  approach zero and the concentration of 
contaminants i n  the cleaned gas  can a l s o  approach zero. 
l imited only by t h e  s i z e  of t h e  bed, mass t r a n s f e r  e f f ic iency  and the  degree 
of regeneration. 

The approach i s  

This paper begins by presenting the background and the overa l l  approach 
and scope of the recent  developmental e f f o r t .  Nore d e t a i l  i s  then given on 
equilibrium measurements, mass t r a n s f e r  performance and modeling of the H2S 
absorption and regenerat ion s teps .  
process flowsheet development and prel  iminary economics. 

The paper c loses  with a discussion of  

BACKGROUND 

The revers ib le  reac t ion  of  H2S w i t h  molten carbonates has been under study 
a t  Bat te l le  Northwest s ince  1974 ( 1 ) .  

MC03 ( c )  + H2S(g) = MS(P,) t C02(g) t H20(g), 

Where "MI' represents  L i  2, Na2. K2 o r  Ca. 

1 )  

A process was f i r s t  developed based on continuous, countercurrent  gas 
l iqu id  contacting (2). Absorption of H2S and par t icu la tes ,  deentrainment and 
regeneration of  the carbonate  were demonstrated i n  a process development uni t  
(PDU) operating w i t h  gas  from an a i r  blown, fixed-bed coal g a s i f i e r .  
ventur i  s c r ~ b b e r  provided the f i r s t  sulfiii- absorption s tage and a l s o  
c i rcu la ted  the molten s a l t  between bubble-cap absorption and s t r ipp ing  
columns. 
h o t .  corrosive molten s a l t  i n  a countercurrent contactor  led 20 severe 
equipment problems, and operat ion was never sustained fo r  more than a few 
hours a t  a time. 

A 

In the l a t t e r ,  steam and C02 were used t o  recover H S. Use of  the 
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The SSMS concept was developed as a p r a c t i c a l  means f o r  hand l i ng  t h e  
c o r r o s i v e  molten carbonates (3). Several ceramics were i n v e s t i g a t e d  as 
p o t e n t i a l  supports. L i t h i u m  a luminate was chosen f o r  chemical s t a b i l i t y  and 
f o r  ease o f  f a b r i c a t i o n  o f  strong, porous p e l l e t s .  Use i n  a c y c l i c a l l y -  
operated f ixed-bed a l l owed  t h e  advantages o f  a g a s - l i q u i d  e q u i l i b r i u m  system 
t o  be e x p l o i t e d  through breakthrough behav io r  r a t h e r  than coun te rcu r ren t  
contact ing.  
cyc les  o f  up t o  7 hours du ra t i on .  
demonstrated up t o  99.5% s u l f u r  removal (adequate f o r  t h e  combined c y c l e  
a p p l i c a t i o n  under s tudy )  from a feed gas c o n t a i n i n g  1X H2S and produced 
regenera t i on  gases c o n t a i n i n g  up t o  50% H S on a d r y  basis. 
t h a t  COS was generated d u r i n g  abso rp t i on  greakthrough and regenera t i on  i n  
amounts c o n s i s t e n t  w i t h  e q u i l i b r i u m  by t h e  gas phase r e a c t i o n :  

Operat ion was r e l a t i v e l y  t r o u b l e - f r e e  w i t h  bench-scale abso rp t i on  
Laboratory  and bench-scale t e s t i n g  

The t e s t s  showed 

H2S(g) + CO2(g) = H20(9) + COS(g), 

2c02(g) t M S ( t )  = M C 0 3 ( t )  + COS(g), 

2) 

which cou ld  no t  be d i s t i n g u i s h e d  from t h e  d i r e c t  regenera t i on  r e a c t i o n :  

3) 

The same study i d e n t i f i e d  redox r e a c t i o n s  i n v o l v i n g  H2 and CO which may 
i n v o l v e  severa l  o x i d a t i o n  s t a t e s  o f  s u l f u r  such as p o l y  s u l f i d e s  or s u l f i t e s  
b u t  can be cha rac te r i zed  by: 

nC02(g) t (4-n) H20(g) + M S ( t )  = MS04(t) + nCO(g) t (4-n) H2(g). 4) 

Where n = 0, 1, 2 ,  3 o r  4. It was found t h a t  H2 o r  CO had t o  be i nc luded  i n  
the  regenerat ion feed  gas t o  a v o i d  l e a v i n g  t r a c e s  o f  o x i d i z e d  s u l f u r  i n  t h e  
bed t h a t  would be reduced d u r i n g  t h e  subsequent abso rp t i on  con tamina t ing  t h e  
product  gas be fo re  breakthrough. 

DEVELOPMENT FOR PRESSURIZED FUEL CELLS 

The mol ten carbonate f u e l  c e l l  a p p l i c a t i o n  addressed by t h e  r e c e n t  s tudy 
requi res:  
t h e  abso rp t i on  e q u i l i b r i u m ,  Equation 1: 2 )  design f o r  removal t o  l e s s  than 1 
ppm through m u l t i p l e  cyc les:  3) removal o f  COS and HC1 as w e l l  as H2S; and 4) 
design f o r  an a i r -b lown  g a s i f i e r  making t h e  H2 and CO needed t o  a v o i d  
ox ida t i on ,  Equation 4, a v a i l a b l e  o n l y  i n  streams d i l u t e d  w i t h  n i t rogen .  

Laboratory  e q u i l i b r i u m  experiments t o  o p t i m i z e  s a l t  composi t ion,  bench 

1 )  opera t i on  a t  e leva ted  p ressu re  which has a d e t r i m e n t a l  e f f e c t  on 

sca le  experiments t o  e s t a b l i s h  mass t r a n s f e r  performance and model ing e f f o r t s  
were d i r e c t e d  p r i m a r i l y  toward t h e  f i r s t  two requirements. 
discussed i n  more d e t a i l  l a t e r  i n  the  paper. 

Resu l t s  w i l l  be 

The t h i r d  requi rement  was addressed by i n c l u d i n g  COS and HC1 i n  feed gases 
The method used f o r  and by a few experiments d i r e c t e d  s o l e l y  a t  HC1 behavior .  

e f f l u e n t  COS (4)  a n a l y s i s  had a d e t e c t i o n  l i m i t  o f  1 t o  10 ppm depending upon 
exper imenta l  cond i t i ons .  Removal from 1000 t o  l e s s  than 10 ppm was 
demonstrated i n  most cases b u t  i n  severa l  cases COS was de tec ted  i n  absorber 
e f f l u e n t  a t  more than 1 ppm when H2S l e v e l s  were lower. Because o f  t h e  h i g h  
d e t e c t i o n  l i m i t s ,  r e s u l t s  a r e  n o t  conc lus i ve  b u t  COS removal may be s lower  
than H2S under some cond i t i ons .  
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Hydrogen c h l o r i d e  removal occurs by c h l o r i d e  format ion:  

2HCl(g) + MCO3(L) = 2MCl(L) + H20(g) + COZ(g). 5) 

which has an e q u i l i b r i u m  s h i f t e d  w e l l  t o  t h e  r i g h t  under h o t  cleanup 
cond i t i ons .  E q u i l i b r i u m  t e s t s  conf i rmed t h e  thermodynamics and removal from 
200 t o  less than 1 ppm was demonstrated i n  seve ra l  t e s t s .  Because o f  the h igh 
e q u i l i b r i u m  convers ion  by Equat ion 5. no regenera t i on  t e s t s  d u r i n g  
r e p r e s e n t a t i v e  s u l f u r  c y c l e s  achieved h i g h  enough HC1 concen t ra t i ons  f o r  
p r a c t i c l e  c h l o r i d e  removal. A separate method f o r  HC1 regenera t i on  appears 
necessary. 
a d d i t i o n a l  study. 

The behav io rs  o f  c h l o r i d e s  and COS i n  t h e  SSMS system b o t h  r e q u i r e  

The f o u r t h  f u e l  c e l l  a p p l i c a t i o n  requi rement  was addressed by us ing  
n i t r o g e n  d i l u t e d  feed  gas such as would be a v a i l a b l e  i n  an a i r -b lown 
g a s i f i c a t i o n  p lan t .  Thermodynamic c a l c u l a t i o n s  ( 4 )  based on pub l i shed  data 
(5, 6, 7) i n d i c a t e d  5 t o  10% CO + H2 i s  r e q u i r e d  t o  avo id  o x i d a t i o n  (Equation 
4)  d u r i n g  regenera t i on .  
adequate. Because t h e  e x a c t  l e v e l  used does a f f e c t  process e f f i c i e n c y ,  a 
d i r e c t  s tudy o f  Equat ion 4 would e v e n t u a l l y  be necessary f o r  commercial 
design. 

About 10% was used throughout  and found t o  be 

EQUILIBRIUM MEASUREMENTS 

The s u l f i d e / c a r b o n a t e  e q u i l i b r i u m  was measured i n  v a r i o u s  m i x t u r e s  o f  
mo l ten  L i .  Na, K and Ca carbonates t o  s e l e c t  an optimum composi t ion f o r  use i n  
t h e  MCFC a p p l i c a t i o n .  

APPARATUS AND METHODS: A pressure-capable exper imenta l  apparatus was designed 
and cons t ruc ted  f o r  use i n  bo th  e q u i l i b r i u m  and subsequent bench-scale mass 
t r a n s f e r  t e s t s .  Gases (metered i n t o  t h e  system under c y l i n d e r  p ressu re )  and 
water (pumped i n t o  a steam generator  by a h i g h  pressure feed pump) were used 
t o  generate s imu la ted  c o a l  gas o f  t h e  d e s i r e d  composit ion. 
me te r ing  t h e  f u e l  gas. contaminant  and steam streams i s  es t ima ted  t o  have been 
- +5% o r  l ess  o f  each component. 
pressure vessel  ( r a t e d  f o r  250 p s i g  a t  1600°F) and was heated by ceramic f i b e r  
heaters. 
o r  s o l i d  supported m o l t e n  carbonate. Smal ler  tubes sealed through t h e  top 
f l ange  p rov ided  a thermowel l  and access t o  t h e  t h i m b l e  through i t s  loose 
f i t t i n g  l i d .  A sma l l  n i t r o g e n  purge i n t o  t h e  p i p e  assured t h a t  system gases 
remained i n s i d e  t h e  alumina. Heat t raced,  t e f l o n  l i n e d  tubes conducted 
e f f l u e n t  gas t o  s t a i n l e s s  s t e e l  scrubbers where c i r c u l a t i n g  sodium hydrox ide 
s o l u t i o n s  condensed steam and absorbed contaminants f o r  ana lys i s .  
s o l u t i o n s  were moni tored f o r  s u l f i d e  by s p e c i f i c  i o n  po ten t i omet ry  g i v i n g  an 
e f f e c t i v e  d e t e c t i o n  l i m i t  o f  0.5 ppmv f o r  H2S. A letdown va l ve  a f t e r  the 
scrubbers p rov ided  p r e s s u r e  c o n t r o l .  Gas samples were taken downstream o f  the 
va l ve  and analyzed by gas chromatography. Using t h e  known composi t ion o f  the 
fue l  gas 8s a standard. changes i n  t h e  CO/H2 r a t i o  and t h e  CG + H 
were measured. 
and CO + Hp balance a r e  o n l y  considered accu ra te  t o  210%. 

E q u i l i b r i u m  measurements were performed by m e l t i n g  t h e  d e s i r e d  s a l t  
conlposit ion i n  t h e  th imb le ,  l oad ing  i t  w i t h  H2S. purg ing  s imu la ted  f u e l  gas 

Accuracy o f  

A s e c t i o n  o f  I n c o l o y  800H p i p e  served as a 

An alumina t h i m b l e  suspended i n s i d e  the p i p e  con ta ined  f r e e  l i q u i d  

The 

balance 
Because o f  d r i f t  i n  t h e  CO response f a c t o r  t h e  CO?H2 r a t i o s  
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through t h e  mol ten l i q u i d  and measuring t h e  e f f l u e n t  gas compos i t i on  as a 
func t i on  o f  t h e  s u l f i d e  con ten t  determined b y  m a t e r i a l  balance. 
v i t h o u t  H2S o r  w i t h  s l i g h t l y  more than  t h e  expected e f f l u e n t  l e v e l  was used t o  
check approach t o  e q u i l i b r i u m  f rom below o r  above. E q u i l i b r i u m  cons tan ts  were 
c a l c u l a t e d  assuming i d e a l  gas and l i q u i d  s o l u t i o n s .  

RESULTS: 
different s a l t  m ix tu res  (Table 1) a t  atmospheric pressure. 
composi t ion used by Moore e t .  a l .  (8 )  and Stegen ( 3 )  as unsupported and 
supported sorbents  r e s p e c t i v e l y  a t  atmospheric pressure.  
carbonate sorbent  represents  a p o s s i b l e  source o f  contaminat ion t o  a Li /K- 
e u t e c t i c  f u e l  c e l l .  The e l i m i n a t i o n  o f  sodium was t e s t e d  w i t h  s a l t  n i x  #2. 
Higher  ca l c ium and lower  l i t h i u m  con ten ts  were t e s t e d  w i t h  s a l t  m ix  #3 and 
s a l t  mix #4, respec t i ve l y .  A d j u s t i n g  t o  750°C and averaging g i v e s  K, = 1.6, 
1.7, 2.0 and 1.8 a l l  2 0.2 atni f o r  s a l t  mix  #l, #2. #3 and #4. r e s p e c t i v e l y .  
It i s  apparent t h a t  t h e  s u l f i d e / c a r b o n a t e  e q u i l i b r i u m  i s  r e l a t i v e l y  
i n s e n s i t i v e  t o  t h e  c a t i o n  mix. 

Purge gas 

Screening experiments f o r  s u l f i d e  c a p a c i t y  were completed w i t h  f o u r  
S a l t  mix  #1 i s  t h e  

Sodium i n  t h e  mixed 

' 

TABLE 1. Carbonate M ix tu res  Screened f o r  S u l f i d e  Capacity, mole x 
L i  CO -2-3 S a l t  Mix  Na CO -2-3 K CO -2-3 CaC03 

1 37.5 23.4 19.3 19.8 
2 48.9 0 25.2 25.8 
3 35.1 0 33.8 31.1 
4 23.3 0 53.9 22.9 

F igu re  1 shows t h a t  ca l c ium con ten t  can be used t o  c o r r e l a t e  t h e  r e s u l t s  
o f  t h i s  work w i t h  t h e  ca l c ium- f ree  r e s u l t s  o f  Moore. Moore's da ta  w i t h  
ca lc ium showed a low temperature dependence r e l a t i v e  t o  pu re  component 
thermodynamics. A l though pure component s o l i d  thermodynamic da ta  (5 )  would 
i n d i c a t e  a s t ronger  e f f e c t  o f  calc ium, t h e  h i g h  es t ima ted  m e l t i n g  p o i n t  f o r  
Cas (2725K. 9) r e l a t i v e  t o  CaCO (1500K. 10) apparen t l y  l eads  t o  lower  
r e l a t i v e  s t a b i l i t y  i n  t h e  l i q u i a  phase. 
subcooled l i q u i d  range, assuming e n t r o p i e s  o f  f u s i o n  a t  r e p o r t e d  (5, 9, 10) 
m e l t i n g  p o i n t s  f o r  Li2S, CaC03 and Cas o f  5. 6 and 6 cal/degree/mole and 
assuming constant  l i q u i d  hea t  c a p a c i t i e s  o f  22. 33 and 16 cal/degree/mole 
respec t i ve l y ,  a l l ows  t h e  c a l c u l a t i o n  o f  pu re  component e q u i l i b r i u m  constants  
f o r  Reaction 1. These a r e  compared w i t h  t h e  f u l l  range o f  exper imenta l  da ta  
f rom t h i s  work i n  F i g u r e  2. 
p robab ly  r e f l e c t  t h e  s t a b i l i t y  o f  t h e  i n t e r - a l k a l i  carbonate e u t e c t i c s .  
A l though F igu re  2 would i n d i c a t e  a lower  a c t i v i t y  f o r  ca l c ium than  potassium, 
t h e  c o r r e l a t i o n  o f  F i g u r e  1 apparen t l y  shows t h a t  ca l c ium s u l f i d e  i s  
r e l a t i v e l y  more s t a b l e  i n  t h e  carbonate m a t r i x  t han  t h e  a l k a l i  meta l  
su l f i des .  
p o s s i b i l i t y  b u t  was judged u n l i k e l y  a t  t h e  l ow  s u l f u r  concen t ra t i ons  ( l e s s  
than  3 mole%) used i n  t h e  screening s tud ies .  

P r o j e c t i n g  data f rom (5 )  i n t o  t h e  

The lower  cons tan ts  found f o r  mixed carbonates 

P r e c i p i t a t i o n  o f  s o l i d  ca l c ium s u l f i d e  cannot be e l i m i n a t e d  as a 

SENCH SCALE MASS TRANSFER EXPERIRENTS 

Mass t r a n s f e r  d a t a  on t h e  abso rp t i on / regenera t i on  c y c l e  were ob ta ined  by 
experiments w i t h  packed beds o f  s o l i d  suppor ted sorbent.  
overv iew o f  r e s u l t s  a r e  presented here. Resu l t s  a r e  d iscussed i n  more d e t a i l  
i n  connect ion w i t h  t h e  mass t r a n s f e r  model. 

Wethods and an 

t 
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METHODS: Porous, l i thium aluminate ceramic p e l l e t s  (1.4 t o  2.8 mm s i z e  range) 
m b r i c a t e d  by methods developed in previous work (3) .  The p e l l e t s  were 
loaded close t o  sa tura t ion  with molten s a l t  (0.36 t o  0.429 of s a l t  per b u l k  cc 
of sor9ent). In the apparatus  already described a ceramic thimble o f  4.6 or 
9.1 cm cross  sect ion served as  a n  absorber. The smaller thimble was f i l l e d  
w i t h  a 25 cm bed of p e l l e t s .  The la rger  thimble was operated a t  b o t h  25 and 
50 cm depths. Sorbent was supported on dense alumina beads (1/16 i n .  
diameter) and, a t  the  50 cm depth, topped w i t h  a layer  of the same beads t o  
provide gas d i s t r i b u t i o n .  

For each absorption experiment t h e  bed was brought t o  temperature and 
pressure under a ni t rogen atmosphere, a simulated coal g a s  flow s t a r t e d ,  
contaminant g a s  added and e f f l u e n t  concentrat ion monitored as a function of 
time by methods described e a r l i e r  under "Equilibrium Measurements. I' For 
regenerations, temperature was adjusted (general ly  100°C cooler)  and a C02-H20 
r ich fuel gas fed i n  t h e  opposite d i rec t ion .  

RESULTS: Sorbents w i t h  two d i f f e r e n t  s a l t  compositions were tes ted  i n  the  
smaller absorber. T h e  f i r s t ,  Li S6K0 54Ca 2C03. selected from the  
equilibrium r e s u l t s ,  demonstrateg'poor'mass' ransfer  (broad breakthrough 
curves). A low-calcium composition, L i  l K o  $Cao 1C03. showed b e t t e r  mass 
t r a n s f e r  performance and was used f o r  a l l  te9 s i h  the  la rger  absorber. 
was postulated t h a t  t h e  high-calcium s a l t  p rec ip i ta ted  s o l i d  calcium s u l f i d e  
which in te r fe red  w i t h  both absorption and regeneration. 

I t  

After thorough regenerat ion,  b o t h  s a l t  compositions removed H2S t o  l e s s  
t h a n  1 ppin with the length of time before breakthrough ("breakthrough time") 
limited by equilibrium and mass t r a n s f e r  e f f e c t s .  Incomplete regeneration 
fur ther  shortened breakthrough time and/or added a background level  of H2S 
before breakthrough. Project ing breakthrough curves t o  one half the i n l e t  
H2SS '  concentration checked with "equilibrium times" f o r  sa tura t ion  of the bed 
w i t h  feed gas ca lcu la ted  from r e s u l t s  of the  equilibrium measurements. 
Similar treatninet of low-calcium r e s u l t s  allowed the  estimation of 
thermodynamic constants .  Table 2, f o r  the carbonate/sulf ide equilibrium which 
are  consis tent  w i t h  Figure 1 and with mass t r a n s f e r  r e s u l t s  over the range 
studied. 

TABLE 2. Thermodynamic Constants f o r  Reaction 1 (900 t o  llOO°K, 1 t o  15 atm) 

S a l t  Li. 86K. 54Ca0. jC03 Li 1.1 KO. -ICaO. lC03 
Heat of Reaction 26K cal/mole 27K cal/mole 

En t ropy  of Reaction 26.8 cal/mole-K 26.4 cal/mole-K 

Varying space ve loc i ty  and gas composition changed the breakthrough and 
equilibrium times b u t  t h e  general shape of the  breakthrough curves remained 
the same. 
cmpleted w j t h  the  same half o r  f u l l  load of sorbent in the la rger  absorber. 
Space ve loc i t ies  from 300 t o  2300 per hour ,  absorption temperatures of 750 and 
800°C, pressures of 100 and 180 p s i g  and several  l eve ls  of steam-carbon 

A t o t a l  of 16 absorption and regeneration experiments were 

* ac tua l ly ,  1/2 i n l e t  H S + COS m i n u s  equilibrium COS for  t h a t  concentration. 2 

c 
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dioxide back pressure were tested. 
laboratory and bench scale results obtained in this study has been reported 
elsewhere (4). 

A complete presentation and discussion of 

MASS TRANSFER MODEL 

Having shown the significant effect of mass transfer resistance on 
breakthrough time for SSMS cleanup under the desired conditions, a 
quantitative treatment was developed as a basis for design and optimization. 
It was found that simple two-film mass transfer theory used with the 
equilibrium expressions presented earlier gave a good representation of both 
absorption and regeneration behavior. The mass transfer equation: 

N = k a(y-yi) = k a(x.-x), 9 P i  
must be solved in an unsteady state material balance framework: 

Edy/dt + pbdx/dt + Gdy/dh = 0 7 )  

In these expressions: N = interphase molar flux per unit volume, k and k = 
gas and pellet mass transfer coefficients, a = surface area per uni? volumg, y 
and x = gas and liquid mole fractions with the subscript "i" representing 
interface concentrations (assumed at equilibrium), E = void fraction, t = 
time, ob = molar density of liquid (salt) in the bulk pellets, G = superficial 
molar velocity of gas and h = distance through the bed. 

Rigorous analytical solutions of Equation 7 are possible (11) but 
restricted to linear equilibrium and simple boundary conditions. For the non- 
linear equilibrium that results from Equation 1 and the arbitrary 
concentration (x) profile from a preceding absorption or regeneration, a model 
was developed using finite elements of time and distance (4). 
calculations showed that the E dy/dt term was relatively small and that 
particle phase transfer should control. The void volume term was eliminated 
from Equation 7 and although k a was retained in Equation 6 it was assigned an 
arbitrarily high value so that'the values of the combined term "k a" used to 

Preliminary 

I 

I fit the data were in effect overall particle-phase mass transfer goefficients. 

Figures 3 and 4 show calculated and typical experimental results for a 
t. low-calcium absorption and regeneration respectively. Dead volume in the 

experimental system caused a delay and reduction of the regeneration peak. 

decay slope is matched by the model. 

decrease in diffusivity with absolute temperature to fit the regeneration data 
at 650°C. 
during absorptions or a break in decay slope observed during extended 
regenerations. 
the effect of a trace side reaction such as oxidation (Equation 4 ) .  

1 The data are plotted on an adjusted time scale to show that the regegeration 
A value of 2 X 10- g-moles/cm /sec 

)i 
fitted the low-calcium absorption data at 75OoC and was adjusted for a linear 

The model does not reflect the pre-breakthrough background H2S 

Both phenomena were highly temperature sensitive and may be 

b 

b 
L Slow mass transfer in the SSMS pellets studied probably results from a low 

surface to volume ratio. Loading more porous pellets to a lower degree of 
saturation with molten salt could lead to a significant improvement. 
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PROCESS DESIGN 

C y c l i c  regenera t i on  f o r  s u l f u r  recove ry  and t h e  need t o  i n c l u d e  
contaminant- f ree r e d u c i n g  gas i n  t h e  regenera t i on  feed t o  avoid o x i d a t i o n  of 
s u l f u r  t o  s u l f a t e  suggest  seve ra l  f l owshee t  op t i ons .  The source o f  
regenera t i on  gas, c h o i c e  o f  s u l f u r  recove ry  process, d i s p o s i t i o n  o f  t h e  t a i l  
gas from s u l f u r  recovery,  o p e r a t i n g  temperature and pressure and t h e  use o f  
temperature and/or p ressu re  c y c l i n g  f o r  regenera t i on  a1 1 must be determined. 
This  s e c t i o n  rev iews f l owshee t  development and p r e l i m i n a r y  es t ima tes  o f  
e f f i c i e n c y  and economics w i t h  re fe rence  t o  a s tudy  performed by Stone and 
Nebster Engineer ing Corpo ra t i on  (SirlEC) and suggests a d d i t i o n a l  o p t i o n s  ou ts ide  
t h e  scope o f  t h a t  study. 

--__ FLOWSHEET DEVELCPMENT: 
used temperdture c y c l i n g  t o  e f f e c t  regenera t i on  w h i l e  t h e  seventh used o n l y  
increased C02 and steam content .  
up t h e  regenera t i on  feed. 
a complete d e s c r i p t i o n  o f  t h e  opt ions.  Because exper imenta l  da ta  were 
ob ta ined  f o r  e s s e n t i a l l y  i so the rma l  o p e r a t i o n  d u r i n g  abso rp t i on  and 
regenerat ion,  SWEC added separate hea t ing  and c o o l i n g  cyc les  r e q u i r i n g  two 
beds i n  a d d i t i o n  t o  those  i n  t h e  abso rp t i on  o r  regenera t i on  p o s i t i o n s .  It i s  
l i k e l y  t h a t  t h e  c o o l i n g  and hea t ing  p e r i o d s  can be i nco rpo ra ted  i n t o  t h e  
regenera t i on  c y c l e  e l i m i n a t i n g  t h e  e x t r a  beds. 

Seven f lowsheet  op t i ons  were evaluated by SWEC. Six  

A b lend o f  anode feed and exhaust gas made 
The reader  i s  r e f e r r e d  t o  o u r  f i n a l  r e p o r t  ( 4 )  f o r  

SWEC used commerc ia l ly  a v a i l a b l e  s u l f u r  recove ry  technology which d i l u t e s  
the  su l fu r -bea r ing  r e g e n e r a t i o n  p roduc t  stream w i t h  t h e  a i r  r e q u i r e d  t o  
o x i d i z e  H2S t o  e lementa l  s u l f u r .  As a r e s u l t ,  t h e  energy va lue o f  t h e  CO, H2 
and CH4 i n  t h a t  stream c o u l d  o n l y  be recovered by i n c i n e r a t i o n  t o  r a i s e  
steam. 
recovers CO 
recovery t a i l  gas t o  t h e  FICFC which would recover  the  energy v a l u e  a t  h ighe r  
e f f i c i e n c y .  

Use o f  advanced s u l f u r  recove ry  technology (12)  t h a t  removes and 
and s u l f u r  w i t h o u t  adding a i r  cou ld  a l l o w  r e c y c l e  o f  s u l f u r  2 

The d i f f i c u l t i e s  i n v o l v e d  i n  h e a t i n g  and c o o l i n g  l a r y e  beds o f  sorbent  
cou ld  be avoided by u s i n g  a pressure c y c l e  t o  o b t a i n  t h e  necessary d r i v i n g  
fo rce  for  regenera t i on .  A f t e r  abso rp t i on  a t  t h e  f u e l  c e l l  feed p ressu re  
regenera t i on  cou ld  be per formed w i t h  CO ( f rom a C02 recove ry  u n i t )  and steam, 
b o t h  o f  which cou ld  e a s i l y  be s u p p l i e d  a t  h i g h  pressure. Adding a r e l a t i v e l y  
smal l  amount o f  cooled and compressed f u e l  c e l l  f eed  gas would supply  t h e  
necessary CO and H2. Stone and Webster's f l owshee t  used a swing from 4.4W COP 
and 14.4% steam t o  32.9% C02 and 27.3% steam p l u s  a 126°F temperature swing t o  
e f f e c t  regenera t i on  w h i l e  s u f f e r i n g  a pressure r e d u c t i o n  from 150 t o  110 
Psia. 
and pressure t o  215 p s i a  would more than  compensate f o r  t h e  loss  o f  t h e  
e q u i l i b r i u m  advantage f rom t h e  temperature swing. 
c a p i t a l  cos t  by e l i m i n a t i n g  t h e  i n te r -bed  c o o l e r s  as w e l l  as reduc ing  t h e  
number o f  beds. 
d i l u t i o n  and thermal l osses  assoc ia ted  w i t h  t h e  temperature cyc le .  

EFFICIENCY: The p r i m a r y  reason f o r  cons ide r ing  h o t  gas cleanup i s  increased 
Power generat ion e f f i c i e n c y .  The n e t  power p r o d u c t i o n  e f f i c i e n c y  c a l c u a l t e d  
by SWEC f o r  an i n t e g r a t e d  c o a l  g a s i f i c a t i o n / m o l t e n  carbonate f u e l  c e l l  power 
p l a n t  w i t h  SSMS h o t  gas c leanup was 45.6% o r  7478 Btu/KwH (4) .  
compares w e l l  w i t h  conven t iona l  technology and w i t h  7300 t o  7700 Btu/kWh 

2 

I nc reas ing  r e g e n e r a t i o n  gas steam and C02 con ten ts  t o  about 39% each 

Th is  o p t i o n  cou ld  reduce 

It c o u l d  a l s o  i nc rease  process e f f i c i e n c y  by e l i m i n a t i n g  the  

Th is  f i g u r e  

I : l  

I 
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calculated by Westinghouse (13) for air blown gasification with other 
developmental hot gas cleanup systems. Further improvement is likely upon 
optimization of the coal gasification-SSMS-MCFC system. 

CAPITAL AND OPERATING COSTS: 
SWEC for an integrated coal gasification/MCFC power plant with SSMS hot gas 
cleanup (4). The commercial plant burning 1000 tons/day of coal and producing 
135.9 MW net power had an estimated investment of 216 million dollars. 
Operating costs were estimated for the power recovery, absorption/ 
regeneration. sulfur recovery and incineration sections at 11.8 million 
dollars per year or about one cent per kilowatt-hour. 

The overall investment figure was developed for comparison with other cost 

Capital and operating costs were calculated by 

estimates. The Westinghouse hot gas cleanup study (13) reported total costs 
based on other developmental cleanup systems representing 169 to 188 million 
dollars when adjusted to the same time and scale. SWEC performed detailed 
cost analysis only for sections of the plant directly affected by the SSMS 
system. A more complete process optimization/cost study is in progress. The 
most significant result of the SWEC study is that the absorption/regeneration 
section accounts for 34% of the power plant cost. 
optimization, a reduction in cost o f  the SSMS system by 50% appears possible 
which would make the estimated cost of coal gasification/MCFC power plants 
using SSMS cleanup competitive with the published estimates for other hot gas 
cleanup systems. 

With process and/or sorbent 

, 
( 3 )  

(4) 
I 

J 
! 

(5) 
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APPLICATION OF NICKEL SORBENTS TO REMOVE TRACE 
CONTAMINANTS FROM HOT COAL GAS 

P.S. Patel, S.M. Rich, and H.C. Maru 

Energy Research Corporation 
3 Great Pasture Road 
Danbury, CT 06810 

INTRODUCTION 

Coal gas offers a low cost feed option for efficient generation 
of electricity using turbines or fuel cells as generators. However, 
coal derived gases contain Contaminants such as sulfur and arsenic 
compounds, halides, etc., which are known to detrimentally affect the 
generator performance (lr2,3). These contaminants must be kept below 
a certain, permissible level for long-term, cost effective operation 
of a coal gas fueled power plant. Based on contaminant tolerance data 
for the related catalysts and the limited data available for fuel cell 
performance, it is desirable that the sulfur and arsenic compounds be 
reduced to sub-ppm levels. The commercially available low temperature 
cleanup processes are not cost effective as they require 
quenching/reheating operations. An energy efficient and economically 
viable high temperature coal gas purification process to minimize the 
heat exchange requirements is highly desirable. Several high 
temperature processes based on regenerative adsorption appear to be 
capable of removing H,S from coal gas to a 2-10 ppmv level 
(4,5,6,7,8), but further reduction to a sub-ppm level is required. 
This paper describes a regenerable process to achieve this sub-ppm 
contaminant cleanup using nickel sorbents. 

Supported nickel catalysts were investigated for their capability 1 

to remove sulfur compounds in coal gas to sub-ppm levels and to study 
the effect of other contaminants such as arsenic on sorbent 
performance. This concept is supported by the fact that -these 
contaminants are known poisons towards nickel catalysts, even at low 
(<lo ppm) concentrations (9,lO). The adsorption of sulfur on nickel 
occurs by reversible, dissociative chemisorption at concentrations of 
approximately 10 ppmv H,S or less (llr12). The removal of chemisorbed 
sulfur has also been studied to recover the activity of nickel 
catalysts used in processes such as reforming, methanation, etc. 
(13t14t15). Sorption and regeneration experiments were performed with 
commercially available dispersed nickel sorbents to determine rate and 
Capacity for sulfur removal from coal gas at high temperatures 

performed to develop major guidelines for the trace contaminant 

\ 

1 

(500-700"C). A parametric analysis and process design study were I 
removal reactor system. 

EXPERIMENTAL METHODS 

The coal gas contaminants, sulfur and arsenic, possess strong 
affinity for many materials of constructions. A test apparatus and 
analytical techniques capable of handling and monitoring trace amounts 
of these contaminants in the presence of major coal gas components 
with good reproducibility were developed. 

9 APPARATUS. The experimental studies were carried out with a 
bench-scale, isothermal fixed-bed reactor at atmospheric pressure to 
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establish sulfur and arsenic sorption and regeneration Characteristics 
Of the nickel catalysts chosen. The reactor system was constructed of 
quartz and Teflon to minimize secondary adsorption effects. The model 
Coal gas was simulated via mixing of the appropriate gaseous 
components, with steam introduced by humidifier evaporation. The gas 
delivery lines were heated to prevent steam condensation. All 
components, except HIS were introduced from compressed gas cylinders 
(99.999% purity). Trace levels of H,S (1-10 ppmv) were provided from 
a Certified permeation tube and introduced after the humidifier to 
prevent dissolution of the H,S. 

ANALYTICAL. The major coal gas constituents were monitored with 
a microprocessor controlled gas chromatograph(GC) equipped with a 
thermal conductivity detector(TCD). Trace contaminant measurements at 
the reactor exit and entry were accomplished with the GC using a 
photoionization detector(P1D). Lower detection limits of 20 ppbv H,S 
and 20 ppbv ASH, were achieved with this apparatus using appropriate 
combination of GC columns and operating conditions such as carrier 
flow rate, oven temperature, etc. Consistent and reproducible 
measurements were obtained in the presence of HzO, H,, CO, C02, etc. 
to establish long-term reliability of the analytical method. When 
required, gas detector tubes were used to determine certain trace 
by-products, such as CS, and SO,. 

The total adsorbed contaminants and their location on the 
sorbents were determined with SEMI X-ray fluorescence, and X-ray EDS, 
supplemented by wet chemical analysis when appropriate. Total arsenic 
content was determined by spectrophotometric determination with silver 
diethyl-dithiocarbamate. The physical structural changes 'in. the 
sorbents were characterized by BET surface area, selective 
chemisorption, and porosimetry measurements. 

SORPTION/REGENERATION CONDITIONS. The preliminary screening of 
commercial nickel catalysts was performed under a fixed set of most 
favorable conditions with a constant driving force (PH s/P This 
was accomplished by using 10 ppmv HzS in a N,/H, environbent"5t 5-OO0C, 
2000 hf! space velocity and no carbon species during initial sorption 
runs. Prior to a sorption run, each sorbent was subjected to a 4-hour 
reduction period in H, at 450°C. Data acquisition was performed with 
the automated GC/PID system until 1 ppmv H,S was observed in the exit 
stream. Sulfur sorption capacity and breakthrough times for 20 and 
100 ppb H,S in the exit coal gas were used for performance comparison 
purposes. Pre- and post-test analyses were performed to characterize 
sorbent stability. Two of the most promising sorbents were chosen for 
further testing with a simulated coal gas. Table 1 illustrates the 
conditions used for a parametric evaluation of the effects of arsenic 
and other contaminants on the sulfur Sorption Characteristics. 
Various regeneration media such as steam, hydrogen, and air in 
appropriate combination were also tested at 50O-70O0C and 500, 5000 
hK? space velocities to identify a preferred Set of regeneration 
conditions. 

RESULTS AND DISCUSSION 

). 

Based on input from catalyst manufacturers, consultants, and past 
experience in applications similar to coal gas, over 120 commercial 
nickel catalysts were qualitatively assessed for their suitability in 
removing the trace contaminants regeneratively. From hydrothermal 
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stability considerations, alumina appeared to be a preferred catalyst 
support. Ten candidates were chosen for preliminary screening on a 
comparative basis. All the sorbents were able to purify a dry H,/N, 
stream from 10 ppmv to less than 2 0  ppbv Hast although breakthrough 
times varied. Sorbents containing additives such as copper or cobalt, 
as expected, did provide better regenerability. However, their sulfur 
sorption capacities were significantly lower and experienced 
significant losses in surface area. As can be seen in Figure 1, the 
breakthrough time showed a linear dependence on the nickel content 
indicating that high nickel contents should be preferred to achieve 
large sulfur removal capacities. However, the catalysts with high 
(50-60%) nickel contents showed a greater level of sintering, which 
may lead to a loss of activity in subsequent sorption cycles. Based 
on the sulfur sorption capacity, extent of regeneration, and the 
catalyst stability, two of the candidate sorbents, 3% Ni/14% MOO, on 
alumina (Ni/Mo) and 20% Ni on alumina were selected fOK further 
testing. 

During preliminary screening with dry gases, the Ni/Mo sorbent 
exhibited an extremely high sulfur sorption capacity (16,600 ppmwS) 
and almost complete regeneration. When tested in the presence of a 
model coal gas, its performance was seriously impaired. As verified 
by the manufacturer and by elemental analysis, approximately 0.3% 
sulfur was found in the fresh sorbent. The sulfur evolved as H,S in 
the presence of steam in the coal gas. When this sulfur was removed 
from a fresh sample before testing, the sulfur sorption capacity and 
the 20 ppbv H,S breakthrough time decreased to such an extent as to 
make it unattractive as a trace contaminant cleanup sorbent. Unlike 
the Ni/Mo sorbent, 20 wt% Ni on alumina maintained the desired sulfur 
cleanup levels under a variety of operating conditions and changes in 
the coal gas composition (Table 2 ) .  Major observations related to the 
desirable operating conditions are summarized below. 

e The sulfur sorption capacity increased with decreasing space 
velocity. The breakthrough time behavior suggests that the 
use of lower space velocities (500-2000 hr.-') may promote a 
higher contaminant removal efficiency. 

e The sulfur sorption capacity increased slightly with 
decreasing steam content in the model coal gas. Carbon 
deposition occurs at lower steam content ( - 7 % )  and may be a 
limiting design parameter. 

e Effect of decreasing temperature was to increase sulfur 
sorption capacity with the largest capacity observed at 50OOC 
(Figure 2). 

In presence of arsine, the sorbent exhibited -25% reduction in 
the sulfur sorption capacity, possibly due to a competition 
between the two contaminants for the available nickel sites 
(Figure 3). 

Regeneration of the sulfur spent sorbents indicates that 
chemisorption of sulfur on the nickel surface is reversible 
depending on the experimental conditions used. With 70% 
Ha0/30% H, as a regeneration medium, 60-80% regeneration may 
be achieved at 600-7OO0C. Other regeneration media, such as 
steam, steam with -1% air, simulated fuel cell cathode 
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exhaust, and high steam/hydrogen ratios at 5OO0C did not 
provide satisfactory regeneration. 

The structural stability of the nickel sorbents appeared to be 
affected when relatively high regeneration temperatures 
(7OOOC) were used. This resulted in a drop in sorption 
activity in the next sorption cycle. However, the subsequent 
sorption/regeneration cycles indicated a stabilization of the 
sorbent performance (Figure 4). 

CONCLUSIONS 

This investigation has demonstrated that commercial, supported 
nickel sorbents are able to remove trace amounts of H,S from hot coal 
gas to the desired sub-ppm levels for extended periods of time. The 
selected sorbent, 20 wt% Ni on alumina, can provide sulfur sorption 
capacities of 2000-10,000 ppmw S I  depending on the operating 
conditions. All of the sorbents tested are regenerable towards 
sulfur. Optimum sorption/regeneration conditions exist which may make 
the application of these sorbents for trace contaminant cleanup of 
coal gas economically viable. The analytical methods developed for 
the coal gas cleanup application are capable of measuring sub-ppm 
levels of H,S and ASH, and reliable for extended period of 
experimental runs. 

ACKNOWLEDGEMENT 

The work presented in this paper was performed under a contract 
from the Department of Energy (No. DE-AC2183MC20094). The .aufhors 
would like to thank John Jayne for experimental assistance. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6 .  

E.J. Vidt, et al., "Evaluation of Gasification and Gas Clean-up 
Processes for use in MCFC Power Plants," Final Report prepared by 
Westinghouse-ERC for DOE Contract No. DE-AC21-81MC16220, 1981. 

TRW, "Monitoring Contaminants in Coal-Derived Gas for Molten 
Carbonate Fuel Cells," Final Report prepared for Argonne National 
Laboratory, DOE/METC/82-44, 1981. 

Morgantown Energy Technology Center, "Advanced Environmental 
Control Technology," Topical Report, DOE/METC/SP-187. 

T. Grindley, "Development and Testing of Regenerable Hot Coal Gas 
Desulfurization Sorbents for Molten Carbonate Fuel Cell 
Application," DOE/Morgantown Energy Technology Center, I R  NO. 
1133, October 1981: IR No. 1386, November 1982. 

Katalco, "Catalyst Handbook," Springer-Verlag, New York Inc., 
1970. 

Giner, Inc., a) "Molten Carbonate Fuel Cell Power Plant 
Desulfurization Systems," DOE Contract No. DE-AC03-78-ET15370; b) 
"Studies Involving High-Temperature Desulfurization/Regeneration 
Reactions of Metal Oxides for the Fuel Cell Program," for Argonne 
National Laboratory, Contract No. 31-109-38-5804; c) Studies 
Involving High-Temperature Desulfurization/Regeneration reactions 

39 



7. 

8 .  

9. 

10. 

11. 

12. 

13. 

14. 

15. 

of Metal Oxides for Fuel Cell Development," for DOE/Morgantown 
Energy Technology Center, DOE, Contract NO. DE-AC21-81MC16021. 

Institute of Gas Technology, a) "Coal Gasification Pilot Plant 
Support Studies," for U.S. Department of Energy, Contract No. 
ET-78-C-01-2806; b) "Development of a Hot Gas Cleanup System for 
Integrated Coal Gasification/Molten Carbonate Fuel Cell Power 
Plants," for DOE/Morgantown Energy Technology Center, Contract 
NO. DE-AC21-82MC19043. 

Battelle Pacific Northwest Laboratories, a)  "Development of a 
Solid Absorption Process for Removal of Sulfur from Fuel Gas," 
for DOE/Morgantown Energy Technology Center, DOE Contract No. 
DE-AC21-79ET11028; b) "Development of a Hot Gas Cleanup System 
for Integrated Coal Gasification/Molten Carbonate Fuel Cell Power 
Plants," DOE/Morgantown Energy Technology Centerl Contract No. 
DE-AC21-82MCl.9077 

J.R. Rostrup-Nielsen, J. Catal., 71, 220 (1968). 
I . M .  Al-Daher and J.M. Salih, J. Phys Chem., zf? (20)r 2851-71 
1972. 

I.E. Den Besten and P.W. Selwood, J. Catal, A, 93, 1962. 
J.G. McCarty, and H. Wise, J. Chem Phys., 72, 6332 1980. 
I. Alstreys, et al., Appl. Catal., 1, 303 1981. 
J.G. McCarty, et al., Final Report prepared by SRI International 
for U.S. DOE Contract No. AC21-79MC11323, December 1981. 

J.R. Rostrup-Nielsen, J. Catal. 1, 171, 1971. \ 

40 



J 

TABLE 1. RANGE OF EXPERIMENTAL PARAMETERS EVALUATED FOR 
TRACE CONTAMINANT REMOVAL FROM HOT COAL GAS 

COMPONENT RANGE 

Model Coal Gas: H ,  

Na 
co 
co 1 
H a 0  

Trace Contaminants: H a s  

ASH3 

Temperature 

Pressure 

Gas Space Velocity 

15-20 v o l %  

30-50 
10-20 
5-15 
5-40 

1-10 ppmv 
1-10 ppmv 

500-7OO'C 

1 atm 

500-5000 hr.-' 

L c 
m 
E 
l- 
.c 
a 
2 
f 

: m 

Nickel Content ,  w% 
HC0627 

FIGURE 1. THE BREAKTHROUGH TIME. SHOWS A LINEAR DEPENDENCE 
ON THE NICKEL CONTENT 

41 



z 
0 
.-I z 

w 
X 
P 

z 
0 

ra 
0 

0 0 
0 o l n o o o o  
l n ,  l n I D o o o m  

F - N l n m I D  
N O ~ I D l n m - ?  - 

0 0 0 0 0 0 0  
0 ,  l n m o m o l n  
ln - m ~ - - m  
m ~ m l n v m n  

8:: : : 8 8 P 8 8  
0 -  - 0 o o m o  
N N  N N Y ) l n q m  

0 0  0 0 0 0 0 0  
0 0  0 0 0 0 0 0  
l n m  Y I l n l n I D C l n  

I C  o l n l n l n l n m  
* N N N N N  

I 

\ 

N 

W 
GI 

4 
P 

m 

42 



, 

I 

I 

i 

I 

Le 

Y A 

v) 

a 

a 

FIGURE 2. 

1200 

1000 

8 0 0  

8 0 0  

400 

2 0 0  

0 
0 300 400 6 0 0  8 0 0  7 0 0  800  

TEMPERATURE. C 

EFFECT OF TEMPERATURE ON SORBENT PERFORMANCE 

eu cos. z6x n,o 
TEMP: 500. C 
SP. VELO: 6000 hr-1 
CAT WT: 2 ,  0. 

om 

I 

0.011 
0 5 IO 16 2 0  25 30 

TIME. hr KO666 

FIGURE 3. EFFECT OF ARSENIC ON SORBENT PERFORMANCE 

4 3  



10.0 

5.0 

1 .o 
> 
5 a 
k- 0.5 
X 
W 
a 

a 
a 

4 0.1 
n 

2 
0 
w 

I- 

P 
Y 

O.O! 

0.0 

SORBENT: 20 91% Ni on alumina. 

FEED GAS: 16% CO, 13% H, .25% H20. 

TEMP.: 6 0 O o  C 
SP. VEL: 4350 hr-l  

0 CYCLE 1 

0 CYCLE 2 
0 CYCLE 3 
0 CYCLE 4 

.- 

0 6 10 20 30 40 SO 

RUN TIME, hr 
MD0021 

FIGURE 4. EFFECT OF SORPTION/REGENERATION ON 
SORBENT PERFORMANCE 

44 



r 

i 
I 

A STUDY OF SULFATE FORMATION DURING REGENERATION OF ZINC FERRITE SORBENTS 

G.N. Krishnan, G.T. Tong, R.H. Lamoreaux, R.D. Brittain and B.J. Wood 

SRI International 
333,  Ravenswood avenue, Menlo Park, CA 94025. 

INTRODUCTION 
Zinc ferrite (ZnO . Fe203) is a promising regenerable sorbent for the high 

temperature (800 - 925 K) r moval of hydrogen sulfide from coal gas to be fed to 
molten carbonate fuel cells . For the desulfurization process to be economically 
attractive, the spent sorbent needs to be regenerated and reused. During the coal 
gas desulfurization step the zinc and iron oxides are converted into the 
corresponding sulfides. Regeneration back to the oxides is accompilished by the use 
of oxidizing gases such as oxygen (or air) and steam at elevated temperatures. 
Ideally, the regeneration should be Carried out at sufficiently high temperatures to 
eliminate or minimize side reactions such as formation of sulfates. However, severe 
sintering may OCCUK at such elevated temperatures leading to decreased sorbent 
desufurization capacity. Thus, to minimize sintering it is necessary to regenerate 
at lower temperatures where a significant degree of sulfate formation can occur. 

desulfurization performance of the sorbent. 
of the sorbent, but also leads to the introduction of second ry contaminants, such 
as SO , into the hot coal gas stream. 
undeszrable as H2S. Hence for zinc ferrite to be useful as a hot coal gas 
desulfurization sorbent it is essential that during regeneration sulfate formation 
should be minimized. An experimental and theoretical study was undertaken to 
define conditions where sulfate formation would occur during regeneration of spent 
zinc ferrite sorbents. 

e 

The presence of sulfates is detrimental to the subsequent coal gas 
It not only reduces the sulfur capacity 

These sulfur species' are just as 

METHODS, APPARATUS AND PROCEDURES 

Thermodynamic calculations were performed to define equilibrium conditions 
favorable for sulfate formation during regeneration and to predict the reaction 
products resulting from the interaction of zinc sulfate with hot coal gas. The 
regions of stabilities of oxides, sulfides and sulfates of both zinc and iron as 
functions of partial pressures of O2 and SO2 were determined. 
minimization methods were used to calculate the equilibrium compositions of gases 
and solids under desulfurization and regeneration conditions. Fifty gaseous species 
and seventeen solid phases were inlcluded in these calculations. 

decrease of the mass of the specimen, whereas the formation of sulfates leads to an 
increase of the mass. Hence a thermogravimetric system incorporating a Cahn RG 
electrobalance and a programmable electronic temperature controller was used to 
monitor the mass of the specimen as the specimen was heated in a mixture of air and 
steam. 

sulfate formation as a function of process variables. The effluent gases from the 
reactor were analyzed for SO2, H2S. and residual 0 
the end of a reaction period the specimen was rapihy quenched to preserve its 
chemical composition that existed at the reaction temperature. 

the form of extruded pellets. For our experiments it was crushed and sieved to a 
particle size range of 300 -, 500pm. 
regeneration experiments, the zinc ferrite sorbent was sulfided at 873 K using a 
simulated coal gas of the following composition: 15% H2, 15% CO, 11% CO , 24% H20, 
3% H s, 32% N . 
24% $e, and 33% S .  The crystalline phases were Wand P ZnS and FeOmB8S 
(pyrrohtite). 

Gibbs energy 

The formation of zinc and iron oxides from corresponding sulfides results In a 

A laboratory-scale fixed-bed reacmr system was used to determine the extent of 

using gas chromatography. At 

The zinc ferrite used in this study was manufactured by United Catalysts Inc. in 

To provide a uniform starting material for the 

After sulfidation the sorbent had a composition (wt%) $f 40.7% Zn, 
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RESULTS AND DISCUSSION 

Equilibrium Calculations 
The eauilibrium conditions necessarv for the various solid DhaSeS to be stable ~ 

in the Zn-Fe-0-S system can be conveniently expressed in the form of a stability 
diagram. 
Figure 1. It illustrates that the oxides are stable at high partial pressures of 
O2 and low partial pressures of SO . 
both 0 and so need to be high. $he stability diagrams for other temperatures 
indicaged that'as the temperature is increased higher partial pressures of O2 and 
SO2 are necessary for the stabilization of zinc and iron sulfates. 

under equilibrium regeneration conditions. For example, the dotted line in Figure 1 
represents a locus of points of total pressure of 0.01 atm of a mixture of 0 and 
SO (corresponding to a feed gas of 5% air - 95% steam). 
suzfided sorbent, the equlibrium solid phases will be Fe 
portion At the start of the regenerati&i8@he p(0 ) will be less 
than lo-*' atm and p(S02) will be about 0.01 atm. As the regeneragion proceeds 
p(02) will begin to increase (going from left to right on the abscissa). 16nitially 
Fe atm both 
Zng'and e 0 will be oxidized 20 form zinc ferrite. With further increase in p(02) 
(>6~10-~' it$) ZnO. 2ZnS04 is formed. As p(0 ) approaches feedstock level ZnO . 
2ZnSO and Fe2(S04)3 become the equilibrium pzases. At the end of conversion of 
Sdfi%eS p(S0 ) decreases and the sulfates decompose to the oxides. 

regeneration was also calculated using a Gibbs energy minimization method. In this 
CalCUhtiOn, 1 mole of ZnS. 2.3 Fe with different quantities 
of a regeneration gas (air-stearn-s8. mixtures). The reaction extent was defined as 
unity when the quantity of oxygen pgesent in the feed gas was sufficient for the 
stoichiometric conversion of sulfides to oxides (ZnO. Fe 0 ). 
calculation for the case when regeneration is carried oug Jt 873 K using 90% air - 
10% SO2 at 20 atm total pressure is shown in Figure 2. 

These computations, which included a large number of chemical species in 
addition to 0 
from the stabhity diagrams. Initially, Fe 
of oxidation of this phase ZnFe204 is formei'iy the oxidation of ZnS to ZnO and 
Fe 0 to Fe203. At greater than stoichiometric levels of the regeneration gas, 
F&04 and Zn0.2ZnS04 are formed. Finally, when the regeneration is complete the 
sulfites have decomposed to the oxides. 

Thermogravimetric Experiments 

3. 
higher temperatures the mass of the specimens decreased up to a temperature of about 
650 K. 
either gained or lost mass. 
maximiurn in a temperature range of 825 - 925 K. 
observed with all gas compostions. 

I ~ L =  L ~ L = U L I C ~ _ I  reactions associated with the various mass changes were deduced 
from X-ray diffraction analyses of the solid remnant quenched from various 
temperatures. Table 1 shows these chemical reactions. The initial mass gain is 
due to the oxidation of Fe 
FeS The observed mass increase 
abo& 650 K is due to the o~iaation of ZnS to ZnS04. The extent of ZnSO formation 
is a function of the oxygen content of the feed gas. Higher amounts of hfates are 
formed when P(0 ) is high. Above 925 K ZnS04 decomposes to ZnO and any residual ZnS 
is also oxidize8 resulting in a mass l o s s .  

were conducted with a sulfided ZnO sorbent (ZnS). 

A calculated stability diagram for a temperature of 873 K is shown in 

For sulfates to be stable partial pressures of 

The stability diagram can be used to predict the composition of solid phases 

Initially in a fudy 
S and ZnS ( upper left 

the diagram). 

88S will be converted to Fe 04. As the P(02) increases above 2 x 10- 

The equil$brium composition of the solid phases as a function of the extent of 

88S was equilibrated 

An example of this 

and SO2,  confirm the general sequence of chemical reactions inferred 
8S is oxidized to Fe304. At the end 

The results of TGA experiments with different gas mixtures are shown in Figure 
On heating from ambient to 625 K at 5 K/min the specimens gained mass. At 

Above 650 K, depending on the oxygen content of the feed gas the specimens 
The second mass gain peak, when present, reached a 

Above 925 K a decrease in mass was 

m!-- . .L--,--7 

s to FeS2 and FeZ03. At temperatures above 625 K, 
is also oxidized to F9't8 resulting in a mass loss. 

To determine the role of iron oxides in the formation of ZnS04, TGA experiments 
During heating of the ZnS in an 
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atmosphere of 50% air - 48% N2 and 2% steam no mass change was observed below 925 K, 
but a mass loss was observed above this temperature. 
formation is significantly reduced in the absence of Fe 0 . 
has been Seeorted to accelerate the formation of ZnSO gy3catalyzing the 
formation ’ of so3. 

Fixed Bed Reactor Experiments 

regenerated isothermally using gas mixtures with various air-steam ratios. Gas 
chromatographic analysis of the reactor effluent gases indicated oxygen was 
completely consumed initially and during a major portion of the regeneration period. 
During regeneration with air - steam mixtures small amounts of H2S (0.2 ~01%) and 
elemental sulfur were prduced, but the major gaseous species was SO2. The formation 
of H S and elemental sulfur is due to the reaction of iron sulfides with steam. 

$able 2 lists the weight percentages of sulfides and sulfates of specimens 
regenerated for various periods of time. It indicates that the sulfide content of 
the specimen is progressively reduced as the duration of regeneration increases. 
contrast, the amount of sulfate remaining in the sorbent initially increases, 
reaches a maximum when about 99% of the sulfide is converted and then decreases. 
The occurrence of such a maximum in sulfate content was predicted by the 
thermodynamic calculations. 

Table 3 lists the weight percentages of sulfate remaining in the sorbents 
regenerated at various temperatures. The regeneration was carried out until the 
concentration of SO in the reactor effluent decreased below 0.5 ~01%. This 
condition occurred eypically when the total amount of feed gas supplied was about 
150% of that required for stoichiometric conversion of the sulfides to oxides. The 
results of these experiments (Table 3)  indicate that sulfate formation is favored by 
lower temperatures and higher partial pressures of 0 . 

Other parameters in the regeneration process exhlbit a minor influence on the 
extent of sulfate formation. Increasing the space velocity appeared to decrease the 
amount of sulfate formed. This may be due to either an increase in the surface 
temperature of the sorbent during the exothermic oxidation or to a decrease in the 
contact time between SO2 and the sorbent. Particle size of the sorbent over the 
range 0.5 to 5 mm had no observable effect on the amount of sulfate remaining in the 
sorbents. Furthermore, replacing steam with nitrogen as a diluent in the 
regeneration feed gas had no effect on the residual sulfate level. However, the 
presence of SO2, even in the amount of 0.5 ~01%. significantly increases sulfate 
formation below 975 K. Above 975 K, SO in the feed gas had only a small effect on 
the amount of residual sulfate in the sorbent. Other conditions being equal, 
cycling between sulfidation and regeneration did not significantly change the amount 
of sulfate formed during regeneration. Finally, sulfided zinc oxide sorbents 
regenerated in air - steam mixtures contained a significantly lower amount of 
sulfate than zinc ferrite sorbents regenerated under similar conditions. 

Behavior of Sulfates in Hot Coal Gas Atmosphere 
The zinc sulfate present in the regenerated sorbent decomposes under the 

reducing conditions of hot coal gas releasing SO 
concentration of SO observed in the reactor effzuent when a regenerated sorbent 
containing zinc sudate is exposed to a simulated coal gas. 
initially high but it declines with time in an approximately exponential manner. 
higher temperatures the SO level generally is high because of more rapid 
decomposition of the sulfaee. 
released. However, high temperature Knudsen cell mass spectrometric experiments 
indicated that the S03/S02 ratio is about 0.2. 

The SO and SO released into the hot coal gas can be reduced and removed by 
another be4 of freJh zinc ferrite sorbent provided sufficient concentration of 
hydrogen is available in the hot coal gas stream. 
desulfurization, the hydrogen present in the coal gas is consumed in converting the 
Fe203 to Fe304. 

3 Fe203 + H2 = 2 Fe304 + H20 

This indicates that ZnS04 
The presence of Fe203 

4 

In these experiments, about 2 g samples of sulfided zinc ferrite sorbents were 

In 

2 

and SO3. Figure 4 illustrates the 

The SO2 content is 
At 

Gas chroatography was incapable of measuring the SO 

In the initial stages of 
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When the  reduct ion  of Fe O3 i s  complete p(H2) i n  t h e  c o a l  gas  stream increases .  A t  
t h i s  s t a g e  t h e  SO2 and S63 w i l l  be reduced and r e a c t  wi th  z i n c  f e r r i t e  t o  form ZnS. 

SO + H = SO + H20 
so2 3 3 H2 = H 2 S  + 2 H 2 0  

ZnO + H ~ S  = ZnS + ~~0 

SO2 concent ra t ions  of less than  1 ppm l e v e l  were achieved by t h e  use of a two bed 
system and a d d i t i o n  of hydrogen when a regenera ted  sorbent  conta in ing  6 ut% s u l f a t e  
was used f o r  c o a l  g a s  d e s u l f u r i z a t i o n .  

CONCLUSIONS 

Thermodynamic c a l c u l a t i o n s  and experimental  s t u d i e s  have shown t h a t  z i n c  s u l f a t e  
i s  formed dur ing  r e g e n e r a t i o n  of s u l f i d e d  z i n c  f e r r i t e  sorbents .  The formation of 
s u l f a t e  i s  a dynamic process  r e q u i r i n g  t h e  simultaneous presence of SO and 0 
Hence i t  reaches  a maximum l e v e l  under c o n d i t i o n s  when a l l  t h e  s u l f i d e 8  i n  t h e  spent  
sorbent  have been conver ted  t o  oxides and s u l f a t e s .  S u l f a t e  formation i s  enhanced 
by lower tempera tures  and h igh  oxygen p a r t i a l  p ressures  i n  t h e  feed gas.  The 
formation of t h e  s u l f a t e  is promoted by t h e  presence of  t h e  i r o n  oxide component of 
t h e  z inc  f e r r i t e  s o r b e n t .  

regenerated sorbent  r e l e a s e s  SO2 and SO3 i n t o  t h e  hot  c o a l  g a s  stream. 
oxides  can be removed by  another  bed of z i n c  f e r r i t e  provided a s u f f i c i e n t  
concent ra t ion  of hydrogen i s  a v a i l a b l e  i n  t h e  c o a l  gas  stream. 

2' 

During subsequent d e s u l f u r i z a t i o n  use t h e  z i n c  s u l f a t e  present  i n  t h e  
These s u l f u r  
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T a b l e  1 

PROGRESSION OF OXIDATION OF SULP1DF.D ZINCE FERRITE 
D U R I N G  TKFXMOGRAVIMETRIC EXPERIMENTS 

S t e p  2 

ZnS + FeS2 + 0.5  Fe203+ 1.7502 + ZnS + Fe203  + s o 2  

Am = -0.7% 

S t e p  3a 

ZnS + Fe203  + 2 02 + ZnSOh + Fe203 

Am = 14.0% 

S t e p  3 b  

ZnS + Fe203  + 312 02 + ZnFe2O4 + SO2 

Am = -14.4% 

S t e p  4 

Note :  Tne mass gain is b a s e d  on t h e  i n i t i a l  s ample  mass.  
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T a b l e  2 

SULFATE AND SULFIDE CONTENTS OF REGENERATED 
SORBENTS AS A FUNCTION OF REGENERATION  TIME^ 

R e g e n e r a t i o n  F r a c t i o n a l  
Time (min) Conversion’  S u l f a t e  ( w t % )  S u l f i d e  ( w t % )  

0 

30 

60  

90 

120 

145 

0 

0.27  

0 . 5 4  

0 . 8 1  

1 . 1  

1.31 

0 35.5  

1 .17  18 .15  

1 . 3 2  T.82 

4.77  0 . 3 5  

8 . 3 1  0 . 0 9 3  

7 . 3 2  0 .09  

aFeed g a s  c o m p o s i t i o n :  

b F r a c t i o n a l  c o n v e r s i o n  i s  u n i t y  when t h e  amount of f e e d  g a s  p a s s e d  i s  
s u f f i c i e n t  f o r  s t o i c h i o m e t r i c  c o n v e r s i o n  of  s u l f i d e s  t o  o x i d e s .  

58% a i r  - 42% s team;  s p a c e  v e l o c i t y :  2420 hr’ 

T a b l e  3 

EFFECT OF GAS COMPOSITION AND TEMPERATURE ON SULFATE FORMATION \ 

Temper a t  u r e  W t %  S u l f a t e  
(K) 100% a i r  - 58% a i r  25% a i r  - 

0% s t e a m  42% s t e a m  75% s t e a m  

823 

8 7 3  

923 

973 

i o 7 3  

1173 
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1 3 . 8  1 4 . 5  3 . 5  

11 .3  1 4 . 9  2 . 4  

9 . 3  5 . 4  

4 . 5  

2 .2  
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Figure 1. S tab i l i ty  Diagram of the Fe-Zn-0-S System a t  873 K. ZnFe204 
Phase Field (-), Zn-0-S Phases (- - -), Fe-0-S (-- -1. 

2.4  , 
i 

2.0 2 0 . 1 3 7 7 s  

0.8 - 

0. 5 1.0 1. s 0.0 

REACTION EXTENT 

Figure 2. Equilibrium Solid Phase Products During Regeneration of Spent 
Zinc Ferrite  Sorbents with a Gas Mixture of 90% Air - 10% so2 
at  873 K. 
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TEMPERATURE (KI 
JAU34- IOA 

Figure 3 .  Temperature Programmed lhermogravimetry of Reaction of Spent 

pHz0 Zinc Ferrite Sorbents with Various A i r N 2 - H 2 0  Mixtures. 
= 0.02  atm, pair is shown and Balance PN a t  1 atm. 

2 

I 

TIHE (HOURS) 

Figure 4 .  Release of SO2 into Hot Coal Gas at  873 K by SOY (13.5 wt%) 
Present i n  Regenerated Zinc Ferrite Sorbent. 

52  i 



/ 

J 

', 
c 

S e p a r a t i o n  and C h a r a c t e r i z a t i o n  of  Hydroxyl Aromat ics  i n  O i l s  
and  A s p h a l t e n e s  from N o n d i s t i l l a b l e ,  P y r i d i n e  S o l u b l e  Coal -Liquids  

R. J. H u r t u b i s e ,  H. A. Cooper,  and T. W. A l l e n  

Department of Chemis t ry ,  U n i v e r s i t y  of Wyoming, Laramie ,  WY 82071 

and 

H. F. S i l v e r  

Chemical E n g i n e e r i n g  Department,  U n i v e r s i t y  of Wyoming, Laramie ,  WY 82071 

I n t r o d u c t i o n  

Hydroxyl a r o m a t i c s  a r e  a n  impor tan t  c l a s s  of compounds i n  c o a l  l i q u e f a c t i o n  
p r o c e s s e s  (1-6).  The s e p a r a t i o n  and c h a r a c t e r i z a t i o n  of  hydroxyl  a r o m a t i c s  a r e  
p a r t i c u l a r l y  impor tan t  f o r  t h e  development of c o a l  l i q u e f a c t i o n  p r o c e s s e s  and f o r  
an  u n d e r s t a n d i n g  of c o a l  l i q u e f a c t i o n  c h e m i s t r y .  It  h a s  been shown t h a t  o i l s  and 
a s p h a l t e n e s  i n  h i g h - b o i l i n g  d i s t i l l a t e s  and n o n d i s t i l l a b l e ,  p y r i d i n e  s o l u b l e  c o a l -  
l i q u i d  samples produced i n  an  SRC-I p r o c e s s  c o n s i s t  of t h e  same major compound 
c l a s s e s :  hydrocarbons ,  n i t r o g e n  compounds, and hydroxyl  a r o m a t i c s  ( 5 ) .  However, 
a s  r e p o r t e d  by Boduszynski e t  a l .  ( 5 )  o i l s  and a s p h a l t e n e s  d i f f e r  i n  t h e  concen- 
t r a t i o n s  of hydrocarbons ,  n i t r o g e n  compounds, and hydroxyl  a r o m a t i c s .  In t h i s  
work, hydroxyl a r o m a t i c  f r a c t i o n s  were i s o l a t e d  from o i l s  and a s p h a l t e n e s  i n  non- 
d i s t i l l a b l e  ( >  427OC) Wyodak and Kentucky p y r i d i n e  s o l u b l e  c o a l - l i q u i d  samples  
u s i n g  procedures  deve loped  by Boduszynski et  a i .  (7, 8 ) .  The f r a c t i o n s  were 
f u r t h e r  s e p a r a t e d  by normal-phase and reversed-phase  l i q u i d  chromatography and 
t h e n  c h a r a c t e r i z e d  by n u c l e a r  magnet ic  r e s o n a n c e ,  i n f r a r e d ,  and f i e l d - i o n i z a t i o n  
mass s p e c t r o m e t r y .  In a d d i t i o n ,  e l e m e n t a l  a n a l y s i s  d a t a  were o b t a i n e d  on some of 
t h e  f r a c t i o n s .  

Exper imenta l  

Using methods developed by Boduszynski et  a l .  ( 7 ,  8 )  n o n d i s t i l l a b l e ,  p y r i d i n e  
s o l u b l e  c o a l - l i q u i d  samples were s e p a r a t e d  i n t o  s o l v e n t - d e r i v e d  f r a c t i o n s  and 
compound-class f r a c t i o n s .  Coal - l iqu id  f r a c t i o n s  r i c h  i n  hydroxyl  a r o m a t i c s  from 
o i l s  and a s p h a l t e n e s  were o b t a i n e d  from b o t h  Wyodak and  Kentucky p y r i d i n e  s o l u b l e  
c o a l - l i q u i d  samples .  Each of t h e s e  hydroxyl  a r o m a t i c  f r a c t i o n s  was t h e n  s e p a r a t e d  
i n t o  f r a c t i o n s  c o n t a i n i n g  monohydroxyl and  d ihydroxyl  a r o m a t i c s  by l i q u i d  chroma- 
tography w i t h  a bonded-phase amino column and ch loroform:2-propanol  mobi le  phases .  
The monohydroxyl a r o m a t i c  f r a c t i o n  was f i r s t  e l u t e d  from t h e  bonded-phase amino 
column wi th  chloroform:2-propano1 (95:5 ,  v / v ) ,  and t h e  d i h y d r o x y l  a r o m a t i c  f r a c -  
t i o n  was s u b s e q u e n t l y  e l u t e d  wi th  ch loroform:2-propano1 (75:25 ,  v l v ) .  

F r a c t i o n s  c o n t a i n i n g  monohydroxyl a r o m a t i c s  from o i l s  were i s o l a t e d  w i t h  t h e  
bonded-phase amino column and f u r t h e r  s e p a r a t e d  by reversed-phase  l i q u i d  chroma- 
tography.  I n  reversed-phase  l i q u i d  chromatography e x p e r i m e n t s ,  t h e  monohydroxyl 
f r a c t i o n  from Wyodak o i l s  was s e p a r a t e d  in two s t e p s .  F i r s t ,  i s o c r a t i c  c o n d i t i o n s  
w i t h  a Resolvex C column and a acetonitri1e:tetrahydrofuran:water (15.2:27.8: 
57.0,  v l v l v )  mobife phase were used .  
f u r a n  was employed. 

Then, a l i n e a r  g r a d i e n t  t o  100% t e t r a h y d r o -  

F i e l d - i o n i z a t i o n  mass s p e c t r a l  d a t a  were o b t a i n e d  from S R I  I n t e r n a t i o n a l ,  
Menlo Park ,  C a l i f o r n i a  on s e v e r a l  of t h e  monohydroxyl and d ihydroxyl  a r o m a t i c  
f r a c t i o n s  from o i l s  and a s p h a l t e n e s .  E lementa l  a n a l y s i s  d a t a  were o b t a i n e d  from 
Huffman L a b o r a t o r i e s ,  I n c . ,  Wheat r idge ,  Colorado .  
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R e s u l t s  and Di scuss ion  

Weight P e r c e n t  and  E lemen ta l  Ana lys i s  Data 

Table I g i v e s  t h e  approximate  weight p e r c e n t  (a%) data  f o r  f r a c t i o n s  con- 
t a i n i n g  monohydroxyl a r o m a t i c s  and d ihydroxy l  a r o m a t i c s  i s o l a t e d  from t h e  o i l s  and 
a s p h a l t e n e s  of Kentucky and Wyodak n o n d i s t i l l a b l e ,  p y r i d i n e  s o l u b l e  c o a l - l i q u i d  
samples.  It i s  c l e a r  from t h e  da t a  i n  Tab le  I t h a t  t h e  monohydroxyl a romat i c  
f r a c t i o n s  c o n t a i n  s i g n i f i c a n t l y  more m a t e r i a l  t h a n  the  d ihydroxy l  a romat i c  f r a c -  
t i o n s .  Tab le  I1 g i v e s  t h e  e l emen ta l  a n a l y s i s  d a t a  ob ta ined  f o r  t h r e e  of t h e  mono- 
hydroxyl  a romat i c  f r a c t i o n s  and one of t h e  d ihydroxy l  a romat i c  f r a c t i o n s .  The 
e l emen ta l  a n a l y s i s  d a t a  c l e a r l y  show t h a t  t h e  f r a c t i o n s  c o n t a i n  a l a r g e  amount of 
oxygen; however,  n i t r o g e n  is a l s o  p r e s e n t  b u t  i n  s m a l l e r  amounts.  I n f r a r e d  d a t a  
and the chromatographic  d a t a  i n d i c a t e d  t h a t  hydroxyl  oxygen was p re sen t  in  t h e  
f r a c t i o n s .  The i n f r a r e d  experiments  a l s o  showed t h a t  p y r r o l i c  n i t r o g e n  was i n  
most of t h e  f r a c t i o n s .  

Chromatographic and F i e l d - I o n i z a t i o n  Mass S p e c t r a l  Data 

Chromatographic d a t a  from t h i r t y - f o u r  monohydroxyl and d ihydroxy l  a romat i c  
s t a n d a r d s  i n d i c a t e d  t h a t  t h e s e  compounds cou ld  be s e p a r a t e d  i n t o  monohydroxyl and 
dihydroxyl  a romat i c  f r a c t i o n s  with a bonded-phase amino column and ch1oroform:Z- 
propanol  mobi le  phases .  A p p l i c a t i o n  of t h i s  approach  to hydroxyl  f r a c t i o n s  from 
coal -der ived  o i l s  and a s p h a l t e n e s  y i e l d e d  two d i s t i n c t  f r a c t i o n s  which had r e t e n -  
t i o n  c h a r a c t e r i s t i c s  s i m i l a r  t o  the  model monohydroxyl and d ihydroxy l  a romat i c  
compounds, r e s p e c t i v e l y .  

F i e l d - i o n i z a t i o n  mass s p e c t r a l  d a t a  were o b t a i n e d  from e i g h t  monohydroxyl and 

The s p e c t r a  r e v e a l e d  t h e  extreme complexi ty  
dihydroxyl  a romat i c  f r a c t i o n s  i s o l a t e d  from Wyodak and Kentucky n o n d i s t i l l a b l e ,  
p y r i d i n e  s o l u b l e  c o a l - l i q u i d  samples .  
of t h e s e  samples .  T a b l e  111 g ives  t h e  weight  ave rage  molecu la r  weight f o r  t h e  
f r a c t i o n s .  

To o b t a i n  f i e l d - i o n i z a t i o n  mass s p e c t r a  t h a t  were l e s s  complex, t h e  mono- 
hydroxyl  a r o m a t i c s  from Kentucky o i l s  were d i v i d e d  i n t o  four  f r a c t i o n s  us ing  a 
bonded-phase amino column. Then f i e l d - i o n i z a t i o n  mass s p e c t r a  were ob ta ined  from 
t h e s e  fou r  f r a c t i o n s .  Even though t h e  f i e l d - i o n i z a t i o n  mass s p e c t r a  were s impl i -  
f i e d ,  r e l a t i v e l y  complex s p e c t r a  were s t i l l  obse rved .  
ass ignments  were made and s e v e r a l  homologous s e r i e s  were c h a r a c t e r i z e d .  

However, major s t r u c t u r a l  

Reversed-phase l i q u i d  chromatography expe r imen t s  w i th  t h e  monohydroxyl f r a c -  
t i o n  from Wyodak o i l s  showed t h a t  t h e  compounds cou ld  be comple t e ly  e l u t e d  from a 
reversed-phase  column. Under t h e  r eve r sed -phase  c o n d i t i o n s ,  f i r s t  a h i g h l y  
r e s o l v e d  chromatographic  p r o f i l e  of low molecu la r  weight  compounds was o b t a i n e d ,  
and t h e n  wi th  t h e  a p p l i c a t i o n  of a r eve r sed -phase  g r a d i e n t  e l u t i o n  s t e p ,  two major 
chromatographic  bands were observed.  F i g u r e  1 shows t h e  o v e r a l l  chromatogram 
o b t a i n e d  from t h e  monohydroxyl f r a c t i o n  from Wyodak o i l s .  In r e l a t e d  expe r imen t s ,  
f i e l d - i o n i z a t i o n  mass s p e c t r a  were o b t a i n e d  from t h e  t o t a l  m a t e r i a l  of t h e  h i g h l y  
r e s o l v e d  ch romatograph ic  bands and t h e  t o t a l  m a t e r i a l  from t h e  reversed-phase  
g r a d i e n t  s t e p  from t h e  monohydroxyl f r a c t i o n  of Kentucky o i l s .  The f i e l d - i o n i z a -  
t i o n  mass spec t rum of t h e  h i g h l y  r e s o l v e d  chromatographic  bands was somewhat 
s imple ,  g i v i n g  a we igh t  a v e r a g e  molecular  weight  of 291. 
reversed-phase  g r a d i e n t  s t e p  was r a t h e r  complex and showed a weight ave rage  
molecu la r  weight  of 465. 

The spec t rum from t h e  
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Tab le  I. Approximate w t %  Values  of Monohydroxyl Aromatic and Dihydroxyl Aromatic 
F r a r t  i o n s  From O i l s  and Aspha l t enes  i n  Solvent-Ref ined Coal-Liquid 
Samples 

O i l s  

Wyodak 

I Monohydroxyl Dihydroxyl 

4 .3  1 .0  

Asphal  t e n e s  

Wyodak 

Monohydroxyl Dihydroxyl  

17.0 7 .4  

/ 

I 

Kentucky 

Monohydroxyl Dihydroxyl  

3.8 0 .2  

Kentucky 

Monohydroxyl Dihydroxyl  

17.8 5.2 

\ 
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T a b l e  11. Elemen ta l  A n a l y s i s  Data f o r  Monohydroxyl and Dihydroxyl  Aromatic 
1 F r a c t i o n s  

W t %  - 
C - O i l s  - 

Wyodak-monohydroxy1 81 .1  

Kentucky-nnnohydroxyl 80.6 

Aspha l t enes  

Wyodak-monohydroxy1 84 .3  

Wyodak-d ihydroxy l  80 .1  

H 

7.3 

7 .5  

- 

6 . 3  

6 . 2  

0 

9.1 

9.5 

- 

8.5 

11.3 

N 

0.73 

0.47 

- 

1.0 

0.90 

'Data  p rov ided  by Huffman L a b o r a t o r i e s ,  I n c .  

1 T a b l e  111. Weight Average Molecular  Weight f o r  Hydroxyl Aromatic F r a c t i o n s  

O i l s  - 

Wyodak Kentucky 

Monohydroxyl Dihydroxyl Monohydroxyl Dihydroxyl 

496 503 

Aspha l t enes  

Wyodak 

Monohydroxyl Dihydroxyl 

571 54 3 

'Data p rov ided  by S R I  I n t e r n a t i o n a l .  

56 

477 505 

Kentucky 

Monohydroxyl Dihydroxyl 

566 556 
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CHARACTERIZATION OF CHEMICAL SPECIES I N  COAL LIQIJIDS IJSING AIJTOMATED 

SIZE EXCLIJSION CHROMATOGRAPHY - GAS CHROMATOGRAPHY (SEC-GC) 

C. V.  P h i l i p  and R.  G. Anthony 

Kine t i c ,  C a t a l y s i s  and Reaction Enginering Laboratory 
Dept. o f  Chemical Engineering, Texas A&M IJniversity 

College S t a t i o n ,  Texas 77843 

In t roduct ion  

Both s i z e  e x c l u s i o n  ch romatography  (SEC) and d i s t i l l a t i o n  a r e  used  t o  
c h a r a c t e r i z e  s p e c i e s  based  on m o l e c u l a r  w e i g h t s  w h i c h  a r e  d e t e r m i n e d  i n d i r e c t l y  
either from SEC s e p a r a t i o n  pa t t e rn  (molecular s i z e  sepa ra t ion )  (1-6) o r  from an ASTM 
d i s t i l l a t i o n  pa t te rn .  Boi l ing  p o i n t s  can be used t o  e s t i m a t e  t h e  molecular weight of 
t h e  s p e c i e s  b u t  i t  is i n a d e q u a t e  f o r  c h e m i c a l  s p e c i e s  c h a r a c t e r i z a t i o n .  The 
molecular s epa ra t ion  by SEC is a powerful t oo l  f o r  de te rmining  molecular weights of 
po lymers  o f  known c h e m i c a l  s t r u c t u r e .  Al though knowledge a b o u t  t h e  c h e m i c a l  
s t r u c t u r e  of t h e  component spec ie s  a r e  e s s e n t i a l  f o r  t h e  success fu l  use of SEC,(5) i t  
has  c e r t a i n  advantages' over d i s t i l l a t i o n s .  SEC sepa ra t ions  are less time consuming 
and can be used f o r  both v o l a t i l e  and nonvo la t i l e  mater ia l s .  Due t o  its s i m p l i c i t y ,  
d i s t i l l a t i o n  is t h e  most popular technique  used f o r  l a r g e  and sma l l  s epa ra t ions  and 
f o r  t h e  c h a r a c t e r i z a t i o n  of hydrocarbon f l u i d s  such a s  petroleum crudes,  syn the t i c  
crudes,  coa l  l i q u i d s  and t h e i r  r e f i n e r y  products. The performance of d i s t i l l a t i o n  
c u t s  such a s  gaso l ine ,  kerosene and var ious  l u b r i c a n t s  a r e  monitored and blended f o r  
s tandard iz ing  performance r a t h e r  than us ing  the  chemical composition f o r  p red ic t ing  
the  performance. 

The h igh  e f f i c i e n c y  g e l  co lumns  packed w i t h  5pm p a r t i c l e s  have  i n c r e a s e d  t h e  
e f f i c i ency  and decreased  the  a n a l y s i s  t i m e  of s i z e  e x c l u s i o n  chromatography (SEC). 
Since r e l a t i v e l y  l a r g e  samples  can be separa ted  in a t ime  as shor t  a s  20 minutes, SEC 
can  be used  a s  a p r e l i m i n a r y  s e p a r a t i o n  t e c h n i q u e  p r i o r  t o  o t h e r  a n a l y t i c a l  
techniques such as gas  chromatography (GC) and gas  chromatography-mass spectroscopy 
(GC-MS). Such SEC s e p a r a t i o n  of  c o a l  l i q u i d s ,  p e t r o l e u m  c r u d e s  and t h e i r  
d i s t i l l a t i o n  c u t s  i n t o  f o u r  o r  f i v e  f r a c t i o n s ,  f o l l o w e d  by t h e  a n a l y s i s  of  t h e  SEC 
f r a c t i o n s  b y  GC and  GC-MS h a v e  been r e p o r t e d  e l s e w h e r e  (7-21).  The f r a c t i o n  
c o l l e c t i o n  and concen t r a t ion  of f r a c t i o n s  were performed manually. T h i s  procedures 
was i n e f f i c i e n t ,  and s u s c e p t i b l e  t o  human e r ro r .  The Automated f r a c t i o n  co l l ec t ion  
followed by i n j e c t i o n  of t h e  f r a c t i o n  i n t o  t h e  GC reduces a n a l y s i s  time, and o f f e r s  
and Opt ion  f o r  c o l l e c t i n g  a d e s i r e d  number of f r a c t i o n s  a t  p r e d e t e r m i n e d  time 
i n t e r v a l s .  

The SEC s e p a r a t e s  c o a l  l i q u i d s  i n t o  f r a c t i o n s  conta in ing  spec ie s  w i t h  s i m i l a r  
l i n e a r  molecular s i zes .  S ince  similar molecular s i z e  spec ie s  in coal  l i q u i d  happened 
t o  have  similar f u n c t i o n a l i t i e s ,  t h e  s i z e  s e p a r a t i o n  e n a b l e s  t h e  s e p a r a t i o n  of 
f r a c t i o n s  conta in ing  s i m i l a r  chemical spec ies .  When te t rahydrofuran  (THF) is used a s  
t h e  mobil phase the  c o a l  l i q u i d  can be sepa ra t ed  i n t o  four  f r a c t i o n s  conta in ing  heavy 
nOnVOlati~eS; long  cha in  alkafies mixed wi th  l i g h t  nonvola t i le ,  phenols and aromatics.  

Disclaimer: This  r e p o r t  was prepared as an account of work sponsored by an  agency of 
t h e  IJnited S t a t e s  Government. Neither t h e  IJnited S t a t e s  Government nor any Agency 
t h e r e o f ,  no r  a n y  o f  the i r  employees ,  makes any w a r r a n t y ,  e x p r e s s  or i m p l i e d ,  o r  
a s sumes  any l e g a l  l i a b i l i t y  or r e s p o n s i b i l i t y  f o r  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  o r  
u s e f u l n e s s  of any  i n f o r m a t i o n ,  a p p a r a t u s ,  p r o d u c t ,  o r  p r o c e s s  d i s c o l s e d ,  o r  
r ep resen t s  t h a t  i t s  u s e  would n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s .  



/ 
/ 

When the number of f r a c t i o n s  a r e  increased,  l e s s  complex chromatograms with fewer 
Peaks a r e  obtained. The r e s u l t s  of  SEC-CC a n a l y s i s  of  coa l  l i q u i d s  i n d i c a t e  t h a t  t h e  
c o a l  l i q u i d s  a r e  composed of  a v e r y  l a r g e  number o f  s p e c i e s  b u t  w i t h  s i m i l a r  
s t r u c t u r a l  b l o c k s  and f u n c t i o n a l g r o u p s .  Lumping of  s imi la r  componen t s  i n t o  f o u r  
d i s t i n c t  groups such as nonvo la t i l e s ,  a lkanes  (nonaromatic hydrocarbons),  a lky la t ed  
phenols and a romat i c s  is seen a s  p r a c t i c a l  means of cha rac t e r i z ing  coa l  l i qu ids .  

In  petroleum r e f i n e r y  industry t h e  composition of d i s t i l l a t i o n  c u t s  a r e  p l o t t e d  
ve r sus  d i s t i l l a t i o n  temperature.  A s i m i l a r  technique is used for  lumping of chemical 
S p e c i e s  i n  c o a l  l i q u i d  where t h e  c h e m i c a l  c o m p o s i t i o n  is p l o t t e d  v e r s u s  e l u t i o n  
Volume (i.e. decreasing molecular s i ze ) .  I n  t h e  SEC-GC set-up, t h e  gas chromatograph 
can  be v i s u a l i z e d  a s  a d e t e c t o r  f o r  SEC e f f l u e n t s .  The GC o u t - p u t  i s  u s e d  t o  
determine t h e  composition of SEC e f f i c i e n t s .  The in s t rumen ta t ion ,  SEC-CC a n a l y s i s  
a n d  chemical lumping of coal  l i q u i d s  are  presented i n  t h i s  paper. 

Experimental 

A western Kentucky s y n t h o i l  and l i g n i t e  der ived r ecyc le  s o l v e n t s  from t h e  Energy 
Research Center,  IJnivers i ty  of North Dakota were t h e  samples used f o r  t h e  analysis .  
Dry, add i t ive - f r ee  te t rahydrofuran (THF) under helium atmosphere was used f o r  pre-  
par ing sample s o l u t i o n s  and as t h e  mobile phase i n  t h e  s i z e  exclusion chromatograph 
(SEC). Although t h e  s y n t h o i l  could be i n j e c t e d  without d i l u t i o n ,  a 50% s o l u t i o n  was 
p re fe r r ed  i n  o rde r  t o  reduce poss ib l e  peak spreading and t a i l i n g .  Since the  r ecyc le  
so lven t s  were very viscous,  25% s o l u t i o n s  were used. A l l  t h e  s o l u t i o n s  were f i l t e r e d  
through 0.5 urn Mi l l i po re  f i l t e r s  u s ing  modest heat  (but  not  high enough t o  b o i l  THF) 
from a hot  a i r  gun and 30 p s i  ni t rogen pressure.  

The instrumentat ion included a l i q u i d  chromatograph (LC,  Waters ALCISEC Model 
202) equ ipped  w i t h  a 60 cm, 5pm 100 A PL g e l  column (Polymer L a b o r a t o r i e s )  a n d  a 
r e f r a c t i v e  index de tec to r  (Waters Model R401) a Varian Chromatographic system (GC. 
VISTA 4 4 )  equipped with a 30 meter x 0.32 m m  I D  DE-5 c a p i l l a r y  column (bonded phase 
fused s i l ica  column manufactured by J & W  S c i e n t i f i c  Co.) an autosampler  (Varian 8 0 0 0 ) ,  
a f lame ion iza t ion  d e t e c t o r  (FID) and a n i t rogen  s p e c i f i c  d e t e c t o r  ( thermionic  ion 
s p e c i f i c  - TSD) and a microcomputer system (IBM C S  9000) with 1000 K by te s  RAM and 
dua l  8" floppy d i s c  d r i v e s  f o r  c o l l e c t i n g  raw chromatographic data.  

The continuous sample sepa ra t ions  on the g e l  column fol lowed by t h e  CC a n a l y s i s  
of  s e l e c t e d  f r a c t i o n s  was a c h i e v e d  by t h e  o p e r a t i o n  of two  s i x p o r t  v a l v e s  and a 34 
p o r t  valve ( A l l  f rom Va lco  I n s t r u m e n t  Company) as  i l l u s t r a t e d  i n  F ig .  1.  Sample 
i n j e c t i o n  i n t o  t h e  LC was performed by a s i x p o r t  valve ( V  ) with a 2 m l  sample loop 
and f i t t e d  with a syr inge-needleport  for  v a r i a b l e  sample ' s i z e  in j ec t ion .  The com- 
bined ope ra t ion  of another  s i x p o r t  swi t ch ing  valve and t h e  34 p o r t  valve ( V  ) with 16 
s a m p l e  l o o p s  (100 p l )  e n a b l e d  t h e  l i n k i n g  of t h e  l i q u i d  ~ h r o m a t o g r a p h ~ w i t h  t h e  
autosampler of t h e  gas chromatograph. The autosampler  was modified t o  handle  100 p 1  
s a m p l e s  d i r e c t l y  f rom t h e  f r a c t i o n  c o l l e c t i o n  l o o p s  of  V When V 2  was t u r n e d  
c l o c k w i s e ,  i t  k e p t  V i n  l i n e  of  LC e f f l u e n t s  s o  t h a t  t h e  Y r a c t i o n s  o f  s e p a r a t e d  
sample could be c o l l e a t e d  and a l s o  t h e  autosampler  was bypassed. V a t  its Counter 
c l o c k w i s e  p o s i t i o n  k e p t  V i n  l i n e  w i t h  t h e  a u t o s a m p l e r  f o r  s a m p f e  i n j e c t i o n  bu t  
bypassed t h e  LC stream. The 
r e a l  t ime  monitoring of  t h e  GC was poss ib l e  on both Varian and I B M  systems and the 
raw chromatograph ic  d a t a  were  s t o r e d  on t h e  8" f l o p p y  d i s c s .  The f r a c t i o n  
c o l l e c t i o n ,  sample i n j e c t i o n  i n t o  t h e  CC as well as the  d a t a  c o l l e c t i o n  w a s  performed 
by t h e  in t eg ra t ed  system composed of a Varian Automation System (VISTA 401) and the  
IBM microcomputer (CS 9000). For each sample i n j e c t i o n  i n t o  t h e  SEC column, up t o  16 
f r a c t i o n s  were c o l l e c t e d  and analyzed by t h e  CC using a p p r o p r i a t e  gas chromatographic 
programs s to red  i n  t h e  memory without any manual i n t e rac t ion .  

G2nerally 0.1 u1 sample s i z e  was used f o r  GC ana lys i s .  
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Results and Discuss ion  -- 
The sample s i z e  recommended by column manufac turers  f o r  s i z e  exc lus ion  chromato- 

graphy i s  l e s s  t h a n  1 mg i n  1 0 ~ 1 s  f o r  good a n a l y t i c a l  s e p a r a t i o n s .  I n c r e a s i n g  t h e  
s a m p l e  s i z e  can c a u s e  i n c r e a s e  i n  peak w i d t h  as well a s  l o s s  of  r e s o l u t i o n .  The 
e f f e c t  of sample s i z e  is demonstrated in Figure  10. Curren t ly  t h e  g e l  columns a r e  
ava i l ab le  with high p l a t e  counts  and high sample loading  capacity.  Larger smaples can 
be loaded wi th  some peak broadening which can  be to l e ra t ed .  When a sample l i k e  coa l  
l i q u i d  which is composed of a very l a r g e  number of components, t h e  sample s i z e s  w i t h  
r e spec t  t o  ind iv idua l  s p e c i e s  are small .  Even over loading  of t h e  column with a l a r g e  
coa l  l i qu id  sample can  g ive  good separa t ion  of most spec ie s  i n  coa l  l iqu id .  S t r a i g h t  
c h a i n  a l k a n e s  a r e  t h e  one  g roup  o f  s p e c i e s  which a r e  p r e s e n t  i n  r e l a t i v e l y  l a r g e  
concentrations.  The e f f e c t  of coa l  l i q u i d  sample s i z e  is i l l u s t r a t e d  i n  Figure 11. 
When the concen t r a t ion  of a lkanes  i n  t h e  Sample is small only few a lkane  peaks a r e  
p r e s e n t  in t h e  gc of  0.1 ~1 SEC e f f l u e n t .  As t h e  a l k a n e  c o n c e n t r a t i o n  is  i n c r e a s e d  
t h e  peak s p r e a d i n g  c a u s e s  t h e  s e v e r a l  a l k a n e s  t o  s p r e a d  i n t o  t h e  0.1~1 f r a c a t i o n  
analysed f o r  t h e  next  i n t e r v a l .  When the  sample s i z e  is increased  the  peak in t ens i -  
t i e s  due t o  i n d i v i d u a l  a l k a n e  do  n o t  i n c r e a s e  p r o p o r t i o n a l l y  b u t  l a r g e r  number o f  
a lkanes  are observed i n  t h e  0.1~11 e f f l u e n t  "windown. The overloading has  a pos i t i ve  
e f f e c t  on SEC f r a c t i o n  c o l l e c t i o n  i n t e r v a l s .  The s m a l l e r  s a m p l e s  need f r e q u e n t  
i n t e r v a l s  of  f r a c t i o n  c o l l e c t i o n  f o r  GC a n a l y s i s  t o  i d e n t i f y  a l l  t h e  components. 
When the  sample s i z e  is increased  t h e  column over loadlng  w i l l  cause the spec ie s  t o  
spread in to  a wider range  and t h e  f r a c t i o n  c o l l e c t i o n  i n t e r v a l  t ime  can be increased. 

The r e c y c l e d  s o l v e n t  produced  from Wyodak c o a l  is  s e l e c t e d  t o  i l l u s t r a t e  t h e  
chemcial spec ie s  i n  c o a l  l i q u i d s  using SEC-GC. A l a rge  sample s i z e  is se lec ted  and 
t h e  SEC column is overloaded wi th  r e spec t  t o  alkanes. The gas chromatograms s i m i l a r  
t o  t h o s e  in F i g u r e  8 w e r e  o b t a i n e d .  The raw d a t a  from a b lank  run, where 0.1 p 1  THF 
was i n j e c t e d  w i t h  o u t  any  c o a l  l i q u i d  s p e c i e s ,  were s u b t r a c t e d  f rom each  raw d a t a  
us ing  a base s u b t r a c t i o n  program, t o  obta in  t h e  recons t ruc ted .  gas chromatograms a s  
shown in F i g u r e  12. Each  of t h e  1 2  G C ' s  r e p r e s e n t s  t h e  a n a l y s i s  SEC f r a c t i o n :  ( s e e  
Figure 7b f o r  S E C  s e p a r a t i o n  Wyodak recyc le  so lvent ) .  Once ques t ion  which a r i s e  a t  
t h i s  point is how much over lapping  of spec ie s  is t h e r e  between t h e  spec ie s  found in  
two  0.1111 SEC s l i ce s  o r  how many o f  t h e  gc  peaks  a r e  n o t  p r e s e n t  i n  t h e  p r e v i o u s  
s a m p l e  s l i c e .  i n  
l a r g e r  concent ra t ions  than  the  previous sample s l i c e ,  t h e  raw d a t a  of the  previous 
g a s  chromatogram i s  s u b r a t a c t e d  f rom t h a t  e a c h  GC raw d a t a .  (Only b a s e  l i n e  is 
subt rac ted  from t h e  f i r s t  one. F i r s t  GC run d a t a  is sub t r ac t ed  from t h e  second, t he  
second 1s sub t r ac t ed  from t h e  t h i r d  and s o  on). Figure  1 3  shows GC's  w i t h  new peaks 
and peaks which a r e  l a r g e r  t han  those  in t h e  previous GC. 

I n  o r d e r  t o  d e t e r m i n e  t h e  new s p e c i e s  and  t h e  s p e c i e s  w h i c h a r e  

When SEC-GC i s  u s e d  f o r  c o a l  l i q u i d  a n a l y s i s ,  . l p l  f r a c t i o n s  o f  SEC e f f l u e n t s  
a r e  analyzed by GC t o  produce s i m p l e r  gas chromatograms. Some of these gas chromato- 
grams.  for example  t h e  GC of  l o n g e r  a l k a n e s ,  are  composed c h e m i c a l l y  s i m i l a r  
components. The f lame ion iza t ion  de tec to r  (FID) response f a c t o r  (based on mass), is 
e s s e n t i a l l y  t h e  same f o r  t h e s e  l a r g e r  a l k a n e s .  The  t o t a l  a r e a  c o u n t s  of such  gas  
ChrOmatOtTamS exc luding  so lven t  peak, t he  a r e a  count of which r ep resen t s  t h e  sample 
volume (6.1111), m u l t i p l i e d  by t h e  r e s p o n s e  f a c t o r  w i l l  g i v e  t h e  amount of  a lkanes  
"lumped" toge the r  f o r  t h e  SEC f r a c t i o n  analyzed. Cer ta in  SEC f r a c t i o n s  a r e  composed 
O f  two Or more d i f f e r e n t  chemical spec ie s  due t o  t h e  over lapping  e f f e c t  of s i m i l a r  
S i z e  species.  For example the  low bo i l ing  poin t  a lkanes  mixed w i t h  t he  high boi l ing  
P o i n t  pheno l s  w h e r e  t h e  l i n e a r  m o l e c u l a r  s i z e s  of  t h e  s p e c i e s  a r e  similar. The 
a l k a n e s  a p p e a r  a t  low r e t e n t i o n  times whereas  p h e n o l s  a p p e a r  a t  l o n g e r  r e t e n t i o n  
times as expected. In  t h e s e  cases t h e  a rea  counts  have to  be lumped i n t o  two groups, 
one f o r  a lkanes  and ano the r  one f o r  phenols. Each of t hese  a r e a  counts  mul t ip l ied  by 
t h e  c o r r e s p o n d i n g  FID r e s p o n s e  f a c t o r  i n d i c a t e  t h e  amount of a l k a n e s  o r  pheno l s  
P resen t  in  t h e  0.1111 SEC f r a c t i o n s .  All t h e  s i x t e e n  or more GC of s e l e c t e d  SEC . l p l  
f r a c t i o n s  of coa l  l i q u i d  or r e c y c l e  so lven t s  a r e  ind iv idua l ly  analyzed fo r  various 
"lumped chemica l "  s p e c i e s  i n  t h e  f r a c t i o n s .  Coal  l i q u i d  s a m p l e  s e p a r a t e d  by 
d i s t i l l a t i o n  e s t i m a t e s  t h e  n o n v o l a t i l e  conten t .  The SEC of nonvo la t i l e s ,  v o l a t i l e s  
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a r e  recons t ruc ted  t o  show both in t h e  same SEC output.  These d a t a  a long  wi th  SEC-CC 
d a t a  and used t o  r econs t ruc t  SEC of Wyodak coa l  der ived  r ecyc le  so lven t  as shown in 
Fig. 6. 

\ 

The chemical lumping pa t t e rn  shown in Fig. 6 is very similar t o  t h e  p l o t t i n g  of 
d i s t i l l a t i o n  tempera tures  VS. composi t ion ,  a t e c h n i q u e  commonly used  i n  p e t r o l e u m  
r e f i n i n g  t o  s i m u l a t e  t h e  c o m p o s i t i o n  of d i s t i l l a t e  as a f u n c t i o n  of t e m p e r a t u r e .  
Since SEC inc ludes  nonvo la t i l e s ,  in format ion  on i t s  s i z e  d i s t r i b u t i o n  is a l so .  shown. 
I n  each  c h e m i c a l  lump t h e  m o l e c u l a r  w e i g h t  d e c r e a s e s  as SEC r e t e n t i o n  Volume in- 
c r e a s e s .  The i n d i v i d u a l  c h e m i c a l  lump has  a SEC s e p a r a t i o n  p a t t e r n  similar t o  
d i s t i l l a t i o n  tempera ture  vs. molecular weight p lo t .  

The chemical lump of a lkanes  is t h e  s imples t .  S t r a i g h t  a lkanes  a r e  d i s t r i b u t e d  
th rough  o u t  t h e  r ange  i n  a c o n t i n u o u s  p a t t e r n .  Such a p a t t e r n  does  n o t  e x i s t  f o r  
phenols and aromatics.  Both of them have s i m i l a r  a romat ic  nuc leus  such as benzene, 
indan and naphthalene. The presence of hydroxy groups d i s t i n g u i s h e s  t h e  phenols from 
t h e  a r o m a t i c s .  The a l k y l  s i d e  c h a i n s  r a n g i n g  m o s t l y  from C, t o  C a l l  a t t a c h e d  t o  
t h e  simple a romat ic  nuc leus  r e s u l t  is l a r g e r  molecules of phenols A d  aromat ics .  AS 
t h e  number of s i d e  cha ins  increases ,  t h e  number of i somers  inc rease  exponent ia l ly .  
The mass d i s t r i b u t i o n  of phenols and aromat ics  peaks a t  a c e r t a i n  molecular  weight 
and then decreases  a t  h igher  molecular weights. A t  t h e  lower end of t h e  mass d i s t r i -  
b u t i o n  p a t t e r n ,  s i n c e  a number of  i s o m e r s  p o s s i b l y  a r e  s m a l l e r ,  t h e  GC is Well 
reso lved  and composed of l a r g e r  well reso lved  peaks. A t  the  h igher  molecular weight 
end ,  a ve ry  l a r g e  number o f  i s o m e r s  a re  p o s s i b l e  in a s m a l l  mass, t h e  GC shows an 
upward s h i f t  in t h e  b a s e  l i n e  which is due t o  a l a r g e  number of s p e c i e s  t h a t  a r e  
appearing unresolved. S ince  phenols have an  inherent  tendency for t a i l i n g ,  t h e  l a rge  
phenols a r e  not a t  a l l  resolved. I n  t h e  case  of l a r g e  a romat i c s ,  t he  enormous number 
of isomers a r e  appear ing  with q u i t e  a few peaks p a r t i a l l y  resolved. 

The s p e c i e s  which  a r e  unkown and  have  n o t  been i d e n t i f i e d  as  one  of t h e  major  
c h e m i c a l  lump s u c h  a s  a l k a n e s ,  p h e n o l s  and a r o m a t i c s  a r e  lumped t o g e t h e r  as un- 
iden t i f i ed .  The add i t ion  of the  m s  t o  our system w i l l  enable i d e n t i f i c a t i o n  of these  
spec ies .  However, t h e  spec ie s  in t h i s  lump inc lude  s a t u r a t e d  and unsa tu ra t ed  cyclo- 
a l k a n e s  w i t h  o r  w i t h o u t  s i d e  c h a i n s ,  which r e s e m b l e s  t h e  n a p h t h e n e s ,  a pe t ro l eum 
r e f i n e r y  p roduc t  group.  A number of w e l l  known s p e c i e s  i n  c o a l  l i q u i d  a r e  n o t  
mentioned in t h i s  lumping scheme. Such as he te rocyc l i c  compounds wi th  s u l f u r ,  n i t ro -  
gen or oxygen a s  t h e  h e t e r o  atom, and o the r  h e t e r o a t o m s  conta in ing  spec ie s .  Some of 
these  compounds appear wi th  a romat i c s  (eg. thiophenes,  qu ino l ines )  and wi th  phenols 
(eg.  a r o m a t i c  a m i n e s ) ,  and  most of them a r e  lumped w i t h  t h e  u n i d e n t i f i e d  s p e c i e s  
lump. 

I 

Since  SEC-GC can be equipped wi th  a number of s p e c i f i c  d e t e c t o r s  such a s  n i t r o -  
gen s p e c i f i c  d e t e c t o r  (TSD), f l a m e  p h o t o m e t r i c  d e t e c t o r  for s u l f u r  (FPD) and mass 
spectrometer,  t h e  lumping of chemical spec ie s  can be performed for any s e l e c t e d  group 
of spec ie s  such a s  polycycl ic  a romat ics ,  thiophenes and n i t rogen  spec ies .  

Conclusions 

Although SEC and CC a r e  two powerful chromatographic techniques,  t h e i r  combined 
use for analyz ing  complex mitures has  been l i m i t e d  due t o  t h e  t ime  consuming s t e p s  
invo lved .  The two v a l v e  i n t e r f a c e  which  l i n k s  t h e  l i q u i d  ch romatograph  t o  gas  
chromatograph and the  computer system which automate t h e  system, reduce t h e  ana lys i s  
t i m e  as w e l l  a s  t h e  f r e q u e n c y  of manual  i n t e r a c t i o n  d u r i n g  t h e  a n a l y s i s  which  may 
t a k e  8-10 hours for a coa l  l i q u i d  sample. By adding a mass spec t rometer  as a t h i r d  
d e t e c t o r  t o  t h e  CC, a n  e x t e n s i v e  a n a l y s i s  of a r a t h e r  complex  sample  s u c h  as  c o a l  
l i q u i d ,  petroleum crude and t h e i r  r e f i n e r y  products can be achieved. 

W i t h  t h e  h e l p  o f  a d d i t i o n a l  d e v i c e s  s u c h  a s  MS, SEC-CC i s  n o t  e x p e c t e d  t o  
i d e n t i f y  a l l  t h e  components of coal  l i qu ids .  I t  may very w e l l  be true t h a t  a l l  the 
pos i t i ve ly  i d e n t i f i e d  components may r ep resen t  on ly  a f r a c t i o n  of a l l  t h e  components 
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and t h e  mass f r a c t i o n s  of a l l  t h e  i d e n t i f i e d  s p e c i e s  may very we l l  r ep resen t  on ly  a 
minor f r a c t i o n  of  t h e  coa l  l i q u i d .  But t he  lumping o f  chemical s p e c i e s  i n t o  fewer 
g r o u p s  w i l l  be f o r  t h e  who le  s a m p l e  and t h e  c h e m i c a l  n a t u r e  of l a r g e  number of 
s p e c i e s  which are no t  t o t a l l y  i d e n t i f i e d  a r e  recognized for  t h e i r  s t r u c t u r e  based on 
s i m i l a r i t y  on of f u n c t i o n a l  groups or  main s t r u c t u r a l  block. The lumping of chemical 
s p e c i e s  as shown i n  F i g u r e  14 is a good a p p r o x i m a t i o n  which needs  v a r i f i c a t i o n  by 
d e t a i l e d  a n a l y s i s .  
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Figure 2: SEC s e p a r a t i o n  of Wydak c o a l  der ived  r e c y c l e  So lvent  ( 1 )  
SEC-GC in ter face  bypassed (b) 1 6  fract ion were co l l ec ted  by 
SEC-GC i n t e r f a c e .  
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Introduction 
The chemical nature of products derived fran -1, whether resulting 

fran liquefaction at- saw form of chemical degradation, is of particular 
interest 1) as a reans of prcbing the chemical structure of coal, and 2 )  in 
at-der to optimize the products for potential uses, for exarrple as a fuel or 
chemical feedstock. Studies of this nature on be enhanced by tandem mass 
spectraretry (MS/MS) which is particularly well-suited to the analysis of 
carpla mixtures (1-4). previcus investigations have sham the applicabil- 
ity of %/MS to the analysis of both polynuclear aramtic hydrocarbons 
(PNAs) and related ccrrpcunds. Particular -1es include hydrodenitrogena- 
tion products including tetrahydro nitrogen-containing PNAs ( 5 ) ,  long chain 
alkyl PNAs in a boghead coal (6), and sulfur-containing PWLS in a -1 
liquid examined after chemical reduction (7). These analyses have mde use 
of all three of the principal scanning d e s  (8) of MS/MS: daughter spectra 
for identification of specific constituents, parent spectra for characteri- 
zation of carponents having a carmon substructure, and neutral loss spectra 
€or characterization of constituents having a m n  functional grcup. A 
daughter spectrum is cbtained by selecting the ion of interest in the first 
stage of mss analysis and passing it into the collision cell where it 
undergoes collision induced dissociation (CID). The resulting fragmnt 

parent spectrum, the second mass analyzer is set to pass a selected frag- 
ment ion which results fran CID and represents the substructure of 
interest. The first mass analyzer is scanned aver the entire mass range of 

zers simltaneausly with a mss offset between the two analyzers correspond- 
ing to the mass of the selected functional grmp which is lost as a result 
of CD). Cunbining M/MS with specific chemical degradation reactions as 
well as using differing d e s  of ionization, further enhances the utility 
of i%/M as a means for addressing the anplex nature of fuel materials. 
The focus of this paper is an attapt to tie a nunber of investigations, 
including characterization of products of specific chemical degradations, 
liquefaction processes and qtimization of processing conditions, to a 
central thane; characterization of the chemical nature of coal. 

ions are then mss analyzed with the second mss analyzer. To cbtain a 1 
\ 

interest. Neutral loss spectra are cbtained by scanning both mass analy- I 

ExpERIMF3rJTAt 
The E/MS results were cbtained using a FiMigan MAT triple suadrupole 

mss spedraneter (9,lO). The saples G e  admitted into the mass spectro- 
meter via the direct insertion probe. Idutane chemical ionization was 
employd at a sou~ce pressure of 0.4 torr for a typical case. Argon was 
used as the collision gas and multiple collision ccnditions, 2 mtorr, were 
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\ 

I 

chosen to increase the extent of fragmntation. The collision energy 
chosen was 20 ev. 

The specific chemical degradation reactions which have been aployed 
include: ruthenium tetroxide aidation using ruthenium (111) trichloride in 
a fixture of water, acetonitrile and carbon tetrachloride at ambient tenper- 
ature (111, &cium/mixed amine reduction (12), supercritical ( s t e m )  
extraction (13) and patassi&cram ether reduction (14). In each instance 
the collaborators referenced prwided the chenically degraded materials. 

T(ESULTS AND DISaTSSICN 
Central to this work has been the identification of specific ccmpo- 

nents not only to characterize then for their intrinsic inportance but also 
to use this informtion to probe the nature of their possible precursors. 
Ildditionally, this work has focussed cn the value of */E as a rnethod for 
capring product distributions 1) as a mans of inprwing processing condi- 
tions for cbtaining the desired end product, and 2 )  to better understand 
the chemical nature of the original starting mterial, coal. With these 
cbjectives in mind, the differing types of specific chemical degradations 
as well as scan d e s  and ionization techniques -le to K/MS can be 
seen to represent an integrated approach to a well-defined pr&lan. 

A novel approach to the analysis of sulfur-ccntaining PNPs used a 
calciunl/mixed amine reduction of an SC I1 middle heavy distillate (7). 
Using negative ion chemical ionization (MCI), a series of alkylbenzothiw 
phenes Were identified fran their reduction products by cbtaining a parent 
scan of m/z  122. The ion at m / z  122 corresponds to the thiotrcpylium 
radical anion which is a characteristic fragnrent of o-ethylthicphenol, the 
reduction product of benzothiophene. This methodology has been extended to 
an SRC I1 heavy distillate fraction as well as fax coal sanples with vary- 
ing degrees of both total and organic sulfur content. Interestingly, the 
heavy distillates did not shm the presence of alkylbenzothiophenes but 
rather displayed a series of alkyldibenzothicphenes, again characterized 
using a parent scan of m/z 122. (The ion at m/z 122 is also a characteris- 
tic fragmnt ion of 0-cyclohexylthiophenol, the reduction prduct of 
dibenzothiophene.) Furthermore, a nuntber of higher molecular weight 
sulfur-containing pNAs have also been tentatively identified (using differ- 
ent parent scans) including a series of akylnaphthothiophenenes as well as 
akylbenzonaphthothicphenes. The reduced coal -le with the highest 
organic sulfur content, psa3 740, was fmnd to have a large abundance of 
dibenzothiophene, as indicated by the presence of the reduction product at 
m/z 191 in the parent scan of m/z 122 (Figure 1). This brings up an 
interesting question with regard to the dibenzothiphene in the coal - is it 
part of the mcramlecular network or interstitially trapped mterial. The 
amxlllt of dibenzothiophene identified in the other three coal sanples was 
negligible. All fax -1s had a significant arrnunt of Sx present as 
detdned by a NICI parent scan of d z  64, which can correspond to 
S2 . The amount of S found can be rmghly correlated with the 
inorganic sulfur content 0% the fax coal sarrples (see Table 1). 

Another chenical reduction schgne, involving potassidcram ether in 
tetrahydrofuran, has been used in a similar type of investigation. The 
emphasis of this work has been to pr& the chdcal structure of coal 
because this reaction, carried m t  at roan tenperatwe and n o d  pres- 
sure, m y  reduce the extent of breakdm of the mcramlecular structure. 
Detailed carbon and hydrogen NMR studies fran the reduction products of an 
Illinois No. 6 coal have indicated an abundance of extended chain 
methylenes, partially hydrogenated PNAS and significant amounts of the 
hydrw functionality. Figure 2 is a carparison of the daughter spectrum 
of m/z 131 an abundant ion in the Spectrum of the reduced coal product, 
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With the daughter spectrum of protonated dihydronaphthalene. The dihydro- 
naphthalene, the presence of which is inferred fran the similarity of frag- 
mtation with the authentic caqxund, and its alkyl hanologs m y  result 
fran a Birch-type reduction of the carresponding alkyl naphthalenes. A 
series of protonated alkyl phenols extending to 5 was identified in the 
same sanple using a parent scan of d z  95 (Figure 3). The first two 
nentxxs of the series protonated phenol ( 4 2  95) and protcmtd mthyl- 
phenol (m/z 109) do not undergo to dz 95 and therefore are not present 
in the parent spectrum. Hmt~er, the presence of these two ccrrponents as 
well as the other protonated alkyl phenols, m/z 123, 137, 151, 165, 179, 
and 193, w e  confirmed using daughter spectra. The principal caponents 
identified by ra/Ms therefore correlate with structures determined in the 
NMR studies. Considering the mild reaction conditions it is pxsible the 
identified mrpanents result fran enhanced solubilization and not breakdm 
of the macramlecular structure. 

In addition to the hS/hS analysis of reduction products, the ruthenium 
tetroxide axidation products of an Illinois No. 2 ccal have been examined 
(15). In this study the carboxylic acids resulting fran oxidation have 
been identified using both positive ion chemical ionization (PICI) as well 
as NICI. The -hasis of this work lies not in the identification of given 
catponents per se but rather in correlating the caponents identified 
with possible precursor structures present in the unreacted coal. Ebr 
exanple, aliphatic dicarboxylic acids are a rmjor reaction product of 
ruthenium tetroxide aidation. Since this reaction OCCUTS via oxidation of 
an armtic carbon, these dicarboxylic acids can be postulated as resulting 
fran alkyl bridges, for exanple, axidation of tetralin can result in a 
significant amcunt of adipic acid (Figure 4). Canparison of the daughter 
spectrum of protonated adipic acid with the daughter spectrum of m / z  147 
fran the oxidized coal sanple confirms the presence of adipic acid. Table 
I1 lists the mst abundant types of -s which have been identified. 
The presence of araratic di, tri, and tetra carboxylic acids, can be 
carrelated with axidation of fusd-ringed systems. It shculd be noted that 
araratic carboxylic acids are detected as the corresponding anhydrides as a 
result of dehydration occurring in the hot mss spectraneter ion scu~ce. 
The absence of mlonic acid in the widation product does not indicate the 
absence of Ethylene linkages but rather arises because of the added reacti- 
vity of the enolizable protons which can pranote further oxidation. 

In addition to the identification of specific canponents, tandem mss 
spectranstry is valuable as a tool for ccnparing the character of different 
sanples. An exanple involves the analysis of the liquefaction products of 
hand-sorted coal mcerals (161, exinite and vitrinite, in order to assess 
possible chemical differences. Three different fractions of the tetralin- 
liquefied mcerals w e  examined by %/E; mltenes, asphaltenes, and p r e  
asphaltenes. The mss and %/M spedra of the mltene and asphaltene frac- 
tions indicated that mceral-related differences were quite d 1 .  parent 
scans, however, provided ample informtion with regard to the presence af 
alkylbenzenes and naphthalenes. Likewise, the preasphaltene sanples also 
producd little in the way of mceral-related differences. While the 
carpcunds identified in the two preasphaltene -1es m e  essentially the 

differences in the relative amcunts between the two samples were 
cbserved. Twelve different series af alkylhydroxyar'anatics, including 
phenals, pyridinols, dihydraxykenzenes, indenols, indanols, naphthols, di 
and tetrahydronaphthols, dihydraxynaphthalenes, acenaphthols, anthracenols, 
and Mphthylphenols, were confirmed using both parent and daughter scans. 
The sam series of canpcunds were present in each mceral sanple tmt the 
Sinite sample had rcughly ten times the concentration of hydrcsxyaramtics 
as did the vitrinite. 

I 
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=/I% can also be used as an aid to maximizing the infonmtion 
obtained fran a chenical process. Che such process on which this apprmch 
has been tested involved the supercritical steam extraction of sulfur fran 
tal. Studies of this type are aimed at finding both econanical and 
efficient mans for reducing the sulfur content in ccal prior to its being 
burned. Initial W/MS studies used a parent scan of m/z 184 to identify 
the targeted species - alkyl dibenzothicphenes. m e r ,  no effect on the 
relative abundance of dibenzothiophene in the extracted residue was famd 
when either the pressure or extraction time of the process was varied, in 
spite of large differences in total sulfur rgnwed. Further studies in 
progress are air& at extending the number of forms of sulfur being tested 
as wdl as including additional process variables in the sanpling 
schane. 

Tandem mss spectranetry is an efficient way of seeking differences in 
fuel samples. This can be illustrated by a case involving nine different 
samples cbtained fran the same -1, Illinois NO. 6, using a variety of 
extraction and liquefaction conditions. This mrk is aim33 at providing 
information on the guest-host nodel for ccal structure. That is, axe there 
conditions which can release a signficiant concentration of -11 molecules 
which are entrapped in the mcratlolecular network. The hexane-soluble 
extracts of these nine samples were analyzed by IS/=. While the amount of 
hexane-soluble mterial extracted varied fran sample to sanple, the mjor 
alkyl series identified were essentially the sam in all nine sanples, 
being daninated by a series of alkyl acenaphthenes (Figure 5). The alkyl 
chain extends to C as s h m  in the parent spectrum of m/z 155 fran one 
of the tetralin-lyquefied sarrples. The C -C alkylated acenaphthenes 
(m/z  183, 197, 211, 225) appear to be the ?‘I&?. abundant. This is also 
consistent with the chemical ionization mss spectrum. These results inply 
that while progressively harsher extraction/liquefaction conditions can 
release mre material, the chemical nature of that material, in term of 
ccnpnents as well as the alkyl mture, is very similar, at least within 
the narrcw confines of this investigation. 

Tandem mss spectretry has k e n  used to probe a number of questions 
involving the chemical nature of fuel-related mterials. With the avail- 
able scan d e s  - daughter, parent, and neutral loss - and ionization tech- 
niques it is possible to probe increasingly carpla questions concerning 
the structure of coal. This allaws the identification of specific carpo- 
nents in coal-derived mterials for coal structure characterization and 
liquefaction product analysis, in addition to ccnparative studies for 
process optimization, mceral-related cfnparisons and investigation of the 
guesthost -1 structure d e l .  

I 
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Table I. c m p ~  ison of the amcrunt of S-. determined f r an  a parent 
Spectrum of m/z 64 (S2-) with the inorganiZ sulfur content of the  four 
ccals studied. - 

t 

counts of Sx(XlO 3 1 
\ Caal Inorganic sulfur 

ps(x: 685 
ps(x: 1300 
ps(x3 740 
PSE 1143 

1.3% not detected 
2.2% 2 
2.3% 7.5 
3.9% 38 

Table 11. Daninant carboxylic acids identified i n  the  ruthenium 
tetroxide oxidation of an I l l i no i s  No. 2 coal. 

Dibasic Aliphatic Acids 

Dibasic Armtic Acids 

Tribasic Armtics Acids 

Tetrabasic Armtic Acids 

Hoa3(~)xCa3H,  x = 0,2-8 

c0-c2 

c0-c2 

c o q 2  

Parent Spectrum 
M/Z 122- 

w 260 
M/Z 

0 
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S .  G. Thomas, J .  P .  Kleiman and V .  0. Brandt 

E t h y l  Corporat ion 
Ethyl Technical  Center  
P .  0. Box 14799 
Baton Rouge, LA 70898 

INTRODUCTION 

Diesel f u e l  i s  a complex mixture of hydrocarbons wi th  a b o i l i n g  
range  from about  400 t o  670°F. Recent ly ,  t h e  emphasis on t h e  d i e s e l  
engine i n  passenger  c a r s  increased  (1) .  I t  i s  expected t h a t  t h e  demand 
f o r  middle d i s t i l l a t e s  w i l l  i n c r e a s e  while  t h e  q u a l i t y  of feedstocks 
w i l l  decrease ( 2 - 5 ) .  Cetane number and s t a b i l i t y  a r e  two measures of  
d i e s e l  fuel q u a l i t y .  Nozzle coking i n  d i e s e l  engines  f o r  passenger 
c a r s  i s  another  problem ( 6 ) .  This expected lower q u a l i t y  i s  r e l a t e d  
t o  t h e  increased use of blending components from heavy o i l  cracking 
processes .  The a b i l i t y  t o  d e f i n e  d i e s e l  f u e l  composition w i l l  become 
i n c r e a s i n g l y  impor tan t  t o  understand t h e  r e l a t i o n s h i p  between f u e l  
composition and c e t a n e  number, s t a b i l i t y ,  coking tendency and o t h e r  
performance parameters .  

A major problem i s  t h e  s e p a r a t i o n  and i d e n t i f i c a t i o n  of pure com- 
pounds o r  c l a s s e s  of compounds from t h e  complex hydrocarbon mixtures  
i n  d i e s e l  f u e l .  Many r e f i n e r y  t e s t  l a b o r a t o r i e s  use t h e  f l u o r e s c e n t  
i n d i c a t o r  a n a l y s i s  method (FIA; ASTM D-1319) t o  s e p a r a t e  and quant i fy  
s a t u r a t e s ,  o l e f i n s  and aromatic  hydrocarbons i n  d i e s e l  f u e l s .  Another 
approach i s  t o  determine aromatic conten t  by nuc lear  magnetic resonance 
spectroscopy ( 7 ) .  A s  pointed out  by M .  E .  Myers ( 7 )  these  methods do 
not  give the  same r e s u l t  because they  do not  measure t h e  same proper- 
t i e s .  

\ 

\ 
1 

'r 
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Types of hydrocarbons i n  middle d i s t i l l a t e s  may be determined 
by a combination of s i l i c a  g e l  chromatography and mass spectrometry 
(ASTM D-2425 and -2549) .  A major d i sadvantage  t o  t h i s  approach i s  t h e  
slowness of open column chromatography. We have developed an a l t e r n a t e  
t o  t h i s  ASTM procedure by us ing  a p r e p a r a t i v e  High Performance Liquid 
Chromatograph and a Gas Chromatograph-Mass Spectrometer t o  analyze 
two commercial d i e s e l  f u e l s .  This modified ASTM method i s  f a s t e r  and 
provides  more e f f i c i e n t  s e p a r a t i o n s  than ASTM D-2549. In  t h i s  paper ,  
t h i s  modified ASTM procedure w i l l  be descr ibed  and t h e  r e s u l t s  compared 
t o  those  obtained from t h e  FIA (ASTM D-1319) and NMR procedures  ( 7 ) .  
Appl icat ion of s o l v e n t  e x t r a c t i o n  and c l a y  chromatography a l s o  i s  demon- 
s t r a t e d .  These techniques s e p a r a t e  polar  components and polynuclear  
aromatics  from o t h e r  d i e s e l  f u e l  components. 

'1 

EXPERIMENTAL 

Instrumentat ion 

The prep HPLC used t o  s e p a r a t e  t h e  d i e s e l  f u e l s  i n t o  hydrocar- 
bon group t y p e s  was a Prep LC/System 500 with a r e f r a c t i v e  index de tec tor  
from Waters Assoc ia tes .  An u l t r a v i o l e t  d e t e c t o r  from Gow Mac was a l s o  
used t o  monitor aromatic  components. Qual . i t a t ive  hydrocarbon group 
types i n  chromatographic f r a c t i o n s  were obta ined  with a Hewlett-Packard 
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5993 GC-MS while quantitative estimates were obtained with a Finnigan 
MAT-4000 GC-HS. ASTM D-2425 was employed for these quantitative estimates. 
A Varian FT-80A NMK was used for proton NMK analysis. 

Chromatographic Separations 

About 10 grams of diesel fuel was added to a silica gel column 
on the Prep HPLC. HPLC grade hexane was used to separate the sample 
into seven 250 mL fractions. Hexane was removed from each fraction 
with a rotary evaporator. Each fraction was weighed and analyzed by 
GC-MS for hydrocarbon type. Kecovery from the chromatographic column 
with hexane was about 90 wt%. 

Gas Chromatographic Analysis of Paraffin Fraction 

The column was stainless steel (6 ft by 1/8 inch) with 10% 
OV-101 on 80/100 VJ HP. Initial column temperature was 75°C and programmed 
at a rate of 5"C/min to a final temperature of 330°C. A thermal conducti- 
vity detector was used with helium as a carrier gas (30 cc/min) and 
a 1.5 ~1 injection volume. 

Dimethylsulfoxide Extraction 

200 mL of diesel fuel was extracted with 50 mL of reagent 
grade dimethylsulfoxide (DMSO). The bottom DMSO layer was separated 
from the top hydrocarbon layer. About 120 mL of distilled water was 
added to the DIvlSO layer. A ring of dark colored liquid separated on 
top, which was the polar components. 10 mL of heptane was then added 
and the contents mixed. This top organic layer was isolated, dried 
with sodium sulfate and filtered. The heptane was evaporated under 
a stream of nitrogen and this organic layer analyzed by GC-MS. 

- Clay Chromatography 

The procedure, which was developed by Pei, aritton and Hsu 
and described in reference (8) was used. 

RESULTS Ail) DISCUSSION 

Hydrocarbon Composition of Diesel Fuels 

Two 38 cetane number (ASTM D613) commercial diesel fuels 
were separated on silica gel into fractions. Hydrocarbon composition 
of each fraction was determined by qualitative and quantitative (ASTM 
D-2425) GC-MS. 

Qualitative GC-MS analyses confirmed that silica gel chromato- 
graphic separation yields fractions rich in paraffins and cycloparaffins, 
alkylbenzenes, indanes or tetralins, naphthalene, alkyl naphthalenes, 
acenaphthenes and biphenyls ana tricyclic aromatics. The separation 
of eacn group type of hydrocarbons in "Fuel B" as a function of elution 
volume (polarity) is summarized in Figure 1. Because this separation 
is done on a preparative scale, each class of hydrocarbons in not com- 
pletely separated. Each fraction contains two or more classes of hydro- 
carbons. i n  the conventional ASTM method, individual hydrocarbon types 
or classes are not separated. Aromatics are separated from non-aromatics 
and characterized by mass spectrometry. 

Although individual hydrocarbon classes are not separated 
! 
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completely, this modified quantitative GC-MS approach allows a compari- 
son of the concentration of group types of hydrocarbons of different 
fuels. A comparison between "Fuel A" and "Fuel B" is summarized in 
Table 1. 

The major difference in hydrocarbon composition between the 
two fuels is in alkyl naphthalene concentration. Naphthalenes are present 
at 31 wt% concentration in "Fuel B" and 9 . 1  wt% in "Fuel A." Other 
differences are in alkylbenzenes and indanes or tetralins present. 
We are not certain that differences in alkylbenzene concentration are 
analytically significant (7.7 wt% in "Fuel B" and 11.7 wt% in "Fuel 
A"), whereas w e  believe that differences in indane or tetralin are 
significant. "Fuel A" has a higher concentration of indanes or tetralins 
(10 .3  wt%) than "Fuel B" ( 1 . 2  wt%). Other differences found are of 
the order of the reproducibility of ASTM D-2425. 

Although aromatic content is about the same in both fuels 
by FIA analysis ( 4 0 . 5  vol% in "Fuel A" and 4 2  vol% in "Fuel B") , they 
differ by proton NMR ( 7 )  analysis ( 2 8 . 9  mole% in "Fuel A" and 3 6 . 7 %  
in "Fuel B"). This difference is due to the fact that only aromatic 
moieties (carbons) are counted by NMR whereas alkyl aromatics and indane 
types are counted in the FIA method. Total weight percent of alkylben- 
zenes, indanes or tetralins and alkylnaphthalenes in "Fuel A" (31 wt%) 
are equal t o  the total amount of alkylnaphthalenes found in "Fuel B" 
(31 wt%). The higher number of aromatic carbons in naphthalenes versus 
benzenes or indanes or tetralins is the reason that "Fuel B" shows 
a higher amount of aromatics by NMR than "Fuel A." 

same as that found by FIA analysis (about 4 0 . 4  w t l .  in "Fuel A" and 
42.8  wt% in "Fuel B." One difference between the methods is that GC-MS 
measures weight percent and FIA volume percent. Both methods use a 
silica gel column for the separation and count as aromatic the total 
weight or volume of any components that contain aromatic rings. For 
these reasons, it is not surprising that both methods give similar 
results. However, neither FIA nor NMR should be used alone to obtain 
aromatic content. The combination provides some insight into the type 
of aromatics that may be present and a more accurate picture of total 
aromatic composition. 

The total concentration of aromatics found by GC-MS is about the 

Composition of Paraffinic Fraction 

The paraffinic fraction composition of two fuels was studied 
by gas chromatography and revealed more than 45 peaks. About 52-54 
normalized weight percent of t h e  paraffinic fractions were normal para- 
ffins with the remainder being branched paraffins, olefins and/or cyclo- 
paraffins. "Fuel A" has a higher relative concentration of C ~ O  to C13 
- n-paraffins, while "Fuel B" is higher in C ~ U  to Czr ?-paraffins. These 
results are summarized in Table 2. 

Polar Components in Fuels 

"Fuel A" and "Fuel B" were extracted with dimethylsulfoxide 
to isolate polar components for identification. GC/MS analysis of this 
polar fraction showed alkylated condensed aromatic derivatives of naph- 
thalene, anthracene, phenanthrene, dibenzothiophene, carbazole and 
dibenzofuran. 

About 1 gallon of "Fuel B" was chromatographed on a clay 
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co1.umn (prep HPLC) to remove polar components for identification. GC-MS 
of the polar fraction identified it to be alkylated carbazoles. 

Table 3 lists example structures of components found in polar 
fractions. 

SUMMARY 

Compositions of hydrocarbons in two commercial diesel fuels have 
been obtained by a combination of preparative High Performance Liquid 
Chromatography (prep HPLC) and Gas Chromatography-Mass Spectroscopy 
(GC-MS). Two different GC-MS approaches are used; the first is qualita- 
tive and the second quantitative (modified ASTM-D-2425). Fuels are 
separated on a preparative silica gel column with a hexane solvent 
into group hydrocarbon types: paraffins, alkylbenzenes, indanes or 
tetralins and alkyl naphthalenes. Concentrations of  each class of identi- 
fied hydrocarbons are measured and compared for the two fuels. 

Each commercial fuel also was analyzed by Nuclear Magnetic Reso- 
nance (NMR) and the Fluorescent Indicator Analysis (FIA ASTM-D-1319) 
specifically for aromatic content. Differences in aromatic content 
obtained for each fuel by these two techniques are explained by results 
from the prep IIPLC/GC-MS approach. This paper demonstrates how aromatic 
content obtained by either the NMR or FIA methods alone is not adequate 
and may be misleading. 

It is important to understand the relationships between fuel composi- 
tion and cetane number, stability and coking tendency. By studying 
and understanding these relationships, the refiner will be able to 
more accurately prescribe treat levels of diesel ignition improvers 
(such as Ethyl's DII-3) or broader treatment products (such as Ethyl's 
DPI's) which reduce coking, enhance stability and provide other benefits. 

In an effort to isolate and identify polar components in fuels, 
two approaches have been explored: ( 1 )  dimethylsulfoxide (DMSO) extrac- 
tion; and ( 2 )  clay chromatography in combination with GC-MS. The follow- 
ing types of polar compounds and polynuclear hydrocarbons were identi- 
fied in DMSO fuel extracts: anthracenes, naphthalenes, phenanthrenes, 
carbazoles, dibenzothiophenes, dibenzofurans, etc. Preparative clay 
chromatography of one of these 38 cetane number diesel fuels selectively 
a1 lows separation of only carbazoles. 

Besides providing detailed fuel composition, multigram quantities 
of selected hydrocarbons, can be isolated by the preparative chromato- 
graphy approach outlined in this paper. These hydrocarbons could be 
used as analytical standards, further separated and analyzed or tested 
with or without additives in a bench test or engine. Results from this 
test work could provide a more fundamental understanding of the relation- 
ship between fuel structure and additive response. 
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TABLE 1 

Hydrocarbon Composition of "Fuel A" and "Fuel 5" 

by Gas Chromatography - kass Spectrometry (ASTrl D2425) 

"Fuel B" "Fuel A" 
Hydrocarbon Group Type Example ( w t % l  (wt%) 

Paraffins CH~-(CHZ.)~Q-CH~ 46.2 50 

tionocycloparaffins R " 0 "  

Alkylbenzenes 
R' 

2.2 1 

7 .7  1 1 . 7  

Indanes or Tetralins 1.2  10.3 

Indenes mR 0 1.1 

Naphthalene 0.1 0.6  

Alkyl Naphthalenes 31.0 9.1  

CHZ -CHz 
Acenapthenes and biphenyls 2.9 3.9 

R 

Acenaphthylenes 0.5 1 

K 
0.1 2.2 mR Tricyclic aromatics 

Material Balance 
Total Uiesel Fuel Components Accounted For 91.5 91.5 

K '  and R - alkyl groups or hydrogen 

a2 
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TABLE 2 

Relative Amounts of Normal Paraffins 

in Paraffinic Fractions of Diesel Fuels by Gas Chromatography 

Normal Paraffin 

C l O  

c11 

c7 2 

c13 

c14 

c15 

c16 

c17 

C 1 8  

c19 

c20 
c2 1 

c z  2 

c2 3 

Total Weight Percent 

Normalized Wt% 
"Fuel A" "Fuel B" 

0 . 9  
2 . 9  

4 . 9  

6 . 7  

8 . 5  
8 . 0  

7 .4  
6 . 0  
2 . 8  

1.3 
0 .8  

0 . 7  
0 .5  
0 . 3  

0 .4 
1.1 
2 . 0  

3 . 8  
8 . 9  

9 . 9  

9 .0  

8 . 6  

3 . 8  

3 . 0  
1.6 
0 . 9  
0 . 5  
- 

51 .7  5 3 . 5  

a3 



TABLE 3 

Example Structures of Components in Polar Diesel Fuel Fractions 

Identified by Gas Chromatography - Mass Spectrometry 

Fuel - 

"Fuel A" 

"Fuel 13" 
and 

"Fuel B" 

R - alkyl groups 

Name - Method Components 

alkyl 
naphthalene 

Dimethylsulfoxide 
Extraction 

alkyl 
anthracene 

alkyl 
phenanthrene 

alkyl 
dibenzothiophene 

alkyl 
di benzofuran 

alkyl 
carbazole 

H 

alkyl 
carbazole 

Clay Chromatography 

H 
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COMPUTER ENHANCED SEPARATION OF COMPOUND CLASSES IN FUEL MIXTURES 
USING A COMBINED LC-MS APPROACH 

Barbara L.  Hoesterey, William H. McClennen, Willem Windig and Henk L.C.  Meuzelaar 

University of U t a h ,  Biomaterials Profiling Center 
391 5. Chipeta Way, Suite F ,  Research Park 

Salt  Lake City, Utah 84108 

INTRODUCTION 

L i q u i d  Chromatography ( L C )  methods play a n  important role in coal liquid analysis 
both as pre-separation techniques fo r  further analytical studies as well as coal 
liquid characterization methods in the i r  own r igh t .  Among the many d i f fe ren t  LC 
separation methods fo r  coal l iquids,  those described by Farcasiu ( 1 )  and Dark et a l .  
(2)  have gained re la t ive ly  wide acceptance. 
s i l i c a  gel separation method developed by Rubin et at. ( 3 )  was described by McClennen 
et aZ.(4) and adapted for  GC/MS as well as d i rec t  low voltage MS studies.  
modified technique involves the use of four increasingly polar eluents:  namely 
Pentane, pentane/benzene (8 :1) ,  benzene/ether ( 4 : l )  and benzene/methanol (1 :1). Low 
voltage MS analysis of the four subfractions obtained from coal tars produced by a 
range of different liquefaction methods consistently reveals the following compound 
categories: (1st subfraction) a l ipha t ic ,  naphthenic and aromatic hydrocarbons; (2nd 
subfraction) polynuclear aromatic hydrocarbons; (3rd subfraction) hydroxyaromatics; 
and  ( 4 t h  subfraction) polyfunctional and nitrogen compounds (4,5).  

In most instances, the f i r s t  (pentane) fraction i s  s t i l l  too complex for a useful 
degree of compound c lass  quantitation since t h i s  fraction contains a variety of 
a l ipha t ic  compound ser ies  as well as a l icyc l ic ,  hydroaromatic and aromatic se r ies .  
On the basis of elementary LC principles,  however, i t  can be predicted tha t  the 
various hydrocarbon compound classes will e lu te  a t  s l igh t ly  d i f fe ren t  points in 
time. 
i t  would be unrea l i s t ic  t o  expect a complete separation, even when using sophisti-  
cated HPLC methods, therefore considerable overlap will occur among the various 
compound ser ies .  Nevertheless, combination with MS techniques opens up  the possi- 
b i l i t y  of achieving numerically enhanced separation between incompletely resolved 
chromatographic peaks. This approach i s  widely used in combined GC/MS techniques. 
However, whereas on-line GC/MS instrumentation i s  widely available,  on-line LC/MS 
methods a re  s t i l l  under development and require expensive, dedicated equipment. 
contrast ,  off-l ine LC/MS procedures can be carried out w i t h  r e la t ive ly  simple LC and 
MS equipment as demonstrated by Meuzelaar et a l .  ( 5 ) .  
an off-l ine LC-MS approach as applied t o  the pentane LC fraction of a heavy coal 
pyrolysis tar, will be reported here. 

EXPERIMENTAL 

The pentane LC fraction of a heavy pyrolysis t a r  produced by a p i lo t  plant sca le  
L u r g i  re tor t  r u n  of a Blind Canyon seam (Wasatch Plateau f i e l d ,  Utah) coal was 
prepared according t o  the method described by McClennen et a t .  ( 4 ) .  
t h i s  pentane fraction was subfractionated over a 0.7 cm dia.  X 29 cm long glass 
column packed w i t h  activated 120/200 mesh s i l i c a  gel (Baker analyzed reagent) using 
hexane (pesticide grade) as the eluent. 
fraction ( a  viscous l iqu id)  were layered o n  the s i l i c a  gel column. Thirty ml of 
hexane were used t o  e lu te  the ta r  fraction. The f i r s t  ten fractions were collected 
every 0.5 t o  0.75 ml. 
Fractions 18 and 19 were collected every 2 ml. Fractions were evaporated with a 
flow of nitrogen gas t o  between one half and one fourth volume. 

A modified version of an open column 

This 

I n  view of the broad range of molecular s izes  as well as structures involved 

In 

Preliminary resu l t s  of such 

Subsequently, 

Approximately 0.7 g of the pentane LC 

Fractions 11 t o  17  were collected every 1 to  1.5 m l .  
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The n ineteen sub f rac t i ons  were analyzed by low vo l tage  (12 eV) mass spectrometry 
us ing  a heated i n l e t  and c a p i l l a r y  tube sample i n t r o d u c t i o n  procedure as described 
by McClennen e t  aZ. ( 5 ) .  
summed f o r  each sub f rac t i on .  
r o u t i n e  o f  t h e  SPSS program package ( 6 )  i n  combination w i t h  fac to r  r o t a t i o n  methods 
developed by Windig et aZ. (7 ) .  

E i g h t  hundred scans over  t h e  mass range m/z 20 t o  260 were 
Data ana lys i s  was performed us ing t h e  f a c t o r  ana lys i s  

RESULTS AND DISCUSSION 

The low vo l tage mass spec t ra  of t h e  o r i g i n a l  Lu rg i  t a r  and i t s  pentane LC f r a c t i o n ,  
shown i n  F igure 1, i l l u s t r a t e  the  effect iveness o f  t he  LC procedure i n  separat ing 
hydroxyaromatic s e r i e s  (e.g., phenols and indano ls )  which appear i n  t h e  benzene/- 
e t h e r  f r a c t i o n  (49% y i e l d ;  n o t  shown) from the  hydrocarbon components. Moreover, 
a l though some th ree  and four  r i n g  aromatic hydrocarbons, e.g., phenanthrene/- 
anthracene and pyrene, appear i n  t h e  pentane f r a c t i o n  (F igure l b )  t h e i r  r e l a t i v e  
abundance i s  decreased i n  comparison w i t h  the  spectrum o f  t h e  whole t a r  (F igure l a ) .  
Th i s  i s  due t o  the  f a c t  t h a t  po lynuclear  aromatic hydrocarbon se r ies  are concen- 
t r a t e d  i n  t h e  second (pentane/benzene) f r a c t i o n  (no t  shown; see reference 8 )  which 
accounts f o r  9% of t he  t o t a l  t a r .  

When evaluat ing F igu re  1, i t  should be pointed ou t  t h a t  no t  a l l  of the L u r g i  t a r  was 
vacuum d i s t i l l a b l e  ( res idue  a t  400°C -5%; see reference 8 ) .  
represents a combined evapora t i on lpy ro l ys i  s mass spectrum. 
h ighe r  b o i l i n g  t a r  components (e.g., vacuum d i s t i l l a b l e  between 2OOOC and 400°C) may 
have been l o s t  by condensation i n  the mass spectrometer i n l e t .  To a l e s s e r  extent ,  
a s i m i l a r  problem may e x i s t  w i t h  the  pentane f r a c t i o n  i n  F igure l b .  Furthermore, i t  
should be pointed ou t  t h a t  the chemical i d e n t i t i e s  o f  t he  i o n  species o u t l i n e d  i n  
F igu re  1, as we l l  as i n  subsequent f igures,  are t e n t a t i v e  on ly  s ince  these were 
based on p r i o r  exper ience w i t h  o the r  coa l  t a r s  (4,8,9) r a t h e r  than on p o s i t i v e  
i d e n t i f i c a t i o n  by combined GC/MS ( 4 )  o r  MS/MS (10) techniques. 

F igu re  2 shows t h a t  t h e  expected separat ion o f  hydrocarbon compound c lasses du r ing  
e l u t i o n  w i t h  hexane ( o r  pentane) from the  s i l i c a  ge l  column does indeed take  place. 
Subfract ions 1 (F igu re  Za), 11 (F igu re  2b) and 19 (F igu re  Zc) are found t o  con ta in  
p r i m a r i l y  a l i p h a t i c  hydrocarbons, c y c l i c  terpenoids and a l k y l s u b s t i t u t e d  aromatics, 
respec t i ve l y .  The a l i p h a t i c  p a t t e r n  i n  F igure l a  e x h i b i t s  the f a m i l i a r  a1 kane/- 
alkene/diene t r i p l e t s  up t o  c18 (probably con t inu ing  beyond the recorded mass range) 
i l l u s t r a t i n g  t h a t  good q u a l i t y  a l i p h a t i c  hydrocarbon spec t ra  are obta ined under the  
l ow  vo l tage e l e c t r o n  i o n i z a t i o n  cond i t i ons  used i n  t h i s  experiment. Through subse- 
quent f rac t i ons  t h e  r e l a t i v e  c o n t r i b u t i o n  o f  the a lkane components d imin ishes i n  
favor  Of t h e  o l e f i n i c  compound se r ies  (not  shown) u n t i l  isoprenoid- type spec t ra l  
pa t te rns  appear i n  f r a c t i o n s  10 and 11. 
(F igu re  2b) i s  dominated by the c h a r a c t e r i s t i c  rearrangement-type fragment i o n  
s e r i e s  from decal ins and h igher  terpanes a t  m/z 82, 96 and 110 as we l l  as equa l l y  
c h a r a c t e r i s t i c  fragment i ons  a t  m/z 163 (C12Hig+) and 191 (C14H23'). 
i o n  a t  m/z 191 i s  o f t e n  used i n  GC/MS s tud ies  o f  hydrocarbon f rac t i ons  of geo- 
chemical o r i g i n  t o  i d e n t i f y  c y c l i c  terpanes and terpenes ( i n c l u d i n g  sesqui-,  d i -  and 
t r i t e r p a n e s  and - terpenes)  (11,12,13) a l though i t  i s  a l s o  a major fragment i o n  of 
t h e  a c y c l i c  isoprenoid p r i s t a n e  (14) .  A c l o s e r  i nspec t i on  of the sesqui terpenoid 
molecular i o n  r e g i o n  o f  t he  spectrum i n  F igure 2b revea ls  the expected peaks a t  m/z 
208 (sesquiterpanes) and 206 (sesquiterpenes). 
these pa t te rns  through subsequent hexane f r a c t i o n s  (e.g., 12 and 13; n o t  shown) a 
gradual s h i f t  towards more unsaturated sesquiterpenoids (e.g., a t  m/z 204 and 202) 
can be observed, f i n a l l y  cumulat ing i n  the jump t o  m/z 198 (cadalene) a t  t h e  s t a r t  
of t h e  a lky lnaphthalene se r ies  i n  the l a s t  f o u r  f r a c t i o n s  (see f r a c t i o n  19 i n  F igure 

Therefore, F igure l a  
Moreover, some of the 

The te rpeno id  p a t t e r n  i n  f r a c t i o n  11 

The fragment 

Upon f o l l o w i n g  the  e v o l u t i o n  of 

2c). 
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I 

The foregoing discussion i l l u s t r a t e s  t ha t  a t  l ea s t  three (a l ipha t ics ,  naphthenics 
and aromatics), and perhaps as much as f ive  (alkanes, o le f ins ,  a l icyc l ics ,  hydro- 
aromatics and aromatics), compound classes can be seen t o  e lu te  in consecutive 
fashion and, thus, can be evaluated qua l i ta t ive ly .  However, significant problems 
are encountered when trying t o  obtain a quantitative estimate of the re la t ive  abun-  
dances and yields of these compound classes by means of selected ion in tens i t ies .  
Whereas m/z 191 and 156 are  found t o  provide good elution profiles for  the terpenoid 
and two ring aromatic f rac t ions ,  respectively (see Figure 3 ) ,  no completely sa t i s -  
factory fragment ion signals a re  found fo r  the a l ipha t ic  components, due t o  strong 
Overlap with the a l icyc l ic  and aromatic compound groups, as shown i n  Figure 4 .  

I n  View of the fac t  the single variables prove unsatisfactory for  quantitation pur- 
poses, multivariate approaches s u c h  a s  factor analysis appear to  be indicated in th i s  
case. Figure 5 shows a plot of  the scores of the f i r s t  two fac tors  obtained on the 
low voltage mass spectra of 17 of the original 19 subfractions (subfractions 3 and 
14 were eliminated because of aberrant behavior in the fac tor  analysis) .  Together 
these two factors explain as much as  72.9% of the to ta l  variance in the mass 
spectra. In other words, the in t r in s i c  (" t rue")  dimensionality of the data set i s  
close t o  2. 
behavior of the data se t .  
indicated by the near tr iangular arrangement of the data points in Figure 5 with 
a l ipha t ics  (alkanes t o le f in i c s ) ,  naphthenics (a l icyc l ics  + hydroaromatics) and 
aromatics representing the three corner points of the t r iangle .  As shown in pre- 
vious multivariate analysis studies of mass spectra of ternary mixtures (5,7,15) the 
re la t ive  concentration of the components i n  such mixtures can be d i rec t ly  estimated 
from the factor analysis scores. The factor scores of the three component axes A ,  B 
and C representing a l ipha t ic ,  naphthenic and aromatic components, respectively, a re  
plotted i n  Figure 6 and show the re la t ive  concentrations of these compound classes 
d u r i n g  elution of the subfractions from the s i l i c a  gel column. 
of absolute concentration values requires the ava i lab i l i ty  of suitable reference 
standards (e.g,  reference mixtures obtained by repeated LC analysis of representa- 
t i ve  coal t a r s )  and has not been attempted here. 

I t  should be noted tha t  the factor score plot in Figure 6 shows a numerically 
enhanced separation of the a1 iphatic and naphthenic compound classes in comparison 
t o  the selected ion intensity plots in Figure 4. Finally,  i t  should be pointed out 
tha t  the a l ipha t ic  and naphthenic compound classes i n  Figure 6 may each be sub- 
divided fur ther  into a t  l eas t  two classes (as indicated by arrows) by using 
additional factor analysis data ( fac tor  I11 represents 12 .7% of the to ta l  variance). 
This would resu l t  in a to ta l  of f ive  compound classes:  alkanes, o le f ins ,  a l i cyc l i c s ,  
hydroaromatics and aromatics. 
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I 

Figure 3. Relative ion intensities of selected ion intensities representing specific compound classes 
present in the subfractions. See text for details. 

I 

Figure 4. Relative ion intensities of selected fragment ions representing general compound classes present 
in the subfractions. 
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Figure 5 .  Score plot of subfractions on factors 1 and 2 with cmponent axes indicated. 
a ternary mixture diagram. 

Note resemblance to 

,f\ B (NAPHTHENK: ,’( COMPONENT) 

e 4 6 B Ib le 14 Id 
ELUTION MLUME (rnl) 

Figure 6. Relative scores o f  subfractions on cmponents A. B. and C versus 
elution volume (calculated fran factor score plot  I n  Figure 5). 
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LeRoy, H. Klemm 
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Coal-derived products  a r e  extremely complex mixtures  of o r g a n i c  chemi- 
c a l s ,  t h e  major i ty  of which a r e  polycycl ic  aromatic  compounds (PAC). While 
t h e  polycycl ic  a romat ic  hydrocarbons ( P A H )  comprise t h e  l a r g e s t  chemical c l a s s  
f r a c t i o n  of most c o a l  products ,  there  a r e  s u b s t a n t i a l  amounts of n i t rogen- ,  
s u l f u r - ,  and oxygen-containing PAC. Af te r  f r a c t i o n a t i o n  of the  ni t rogen-  
conta in ing  PAC f r a c t i o n ,  i t  was found t h a t  t h e  amino p o l y c y c l i c  a r o m a t i c  
hydrocarbons ( A P A H ) ,  which a r e  present  i n  low c o n c e n t r a t i o n s  ( u s u a l l y  less 
t h a n  1 % ) ,  were r e s p o n s i b l e  f o r  t h e  major p a r t  of t h e  mutagenici ty  ( 1 - 4 ) .  The 
n i t rogen  he terocycles  were g e n e r a l l y  much less mutagenic than  t h e  A P A H .  This  
r e s u l t  has prompted t h e  i n v e s t i g a t i o n  of o t h e r  p o s s i b l e  t r a c e  cmponents  i n  
c o a l  products ,  p a r t i c u l a r l y  t h e  PAC t h a t  c o n t a i n  two heteroatoms,  t h a t  may be 
r e s p o n s i b l e  fo r  some of t h e  observed b i o l o g i c a l  a c t i v i t y .  

In t h i s  paper ,  t h e  a n a l y s i s  of a s o l v e n t - r e f i n e d  coa l  l i q u i d  and a coa l  
t a r  f o r  PAC which c o n t a i n  both n i t rogen  and s u l f u r  heteroatoms is descr ibed .  
C a p i l l a r y  column gas chromatography with s u l f u r - s e l e c t i v e  f lame photometr ic  
d e t e c t i o n  and mass spec t romet ry  were used t o  i d e n t i f y  s e v e r a l  new compounds 
which were prev ious ly  unrepor ted .  Pure r e f e r e n c e  compounds were a l s o  synthe- 
s i z e d  and  t e s t e d  f o r  g e n o t o x i c i t y .  

EXPERIMENTAL 

The s o l v e n t - r e f i n e d  coa l  heavy d i s t i l l a t e  (SRC I1 HD: 260-450°C b o i l i n g  
p o i n t  range)  was obta ined  from t h e  F o r t  L e w i s ,  Washington ,  p i l o t  p l a n t  
(opera ted  by t h e  P i t t s b u r g h  & Midway Coal Mining Co.) .  The coa l  t a r  was 
obta ined  from S.A. Wise (Nat iona l  Bureau of S tandards ,  Washington, D.C.) .  The 
f o u r  aminodibenzothiophene isomers and aza th iophenic  compounds used i n  t h i s  
s tudy  were not  commercially a v a i l a b l e  and ,  t h e r e f o r e ,  had t o  be synthes ized  i n  
our own l a b o r a t o r i e s .  The s y n t h e t i c  procedures  a r e  r e p o r t e d  e l sewhere  ( 5 , 6 ) .  

The SRC I1 HD m a t e r i a l  and coa l  t a r  were f r a c t i o n a t e d  i n t o  chemica l  
classes by a d s o r p t i o n  chromatography on n e u t r a l  alumina and s i l i c i c  a c i d  
according t o  t h e  procedure of Later  et. ( 7 ) .  The t h i r d  f r a c t i o n  (A-3) 
which was composed of t h e  n i t rogen-conta in ing  P A C ,  t h e  second s i l i c i c  ac id  
f r a c t i o n  (5-2) which was composed of t h e  A P A H ,  and t h e  t h i r d  s i l i c i c  ac id  
f r a c t i o n  (S-3) which was composed of t h e  t e r t i a r y  n i t rogen-conta in ing  PAC were 
analyzed i n  t h i s  s tudy .  Acid e x t r a c t i o n  with H2SO4, and d e r i v a t i z a t i o n  w i t h  
pentaf luoropropionic  anhydride (PFPA) were prev ious ly  descr ibed  ( 8 ) .  
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A Hewlett-Packard Model 5880 gas  chromatograph equipped with a s u l f u r -  
s e l e c t i v e  f lame photometr ic  d e t e c t o r  (FPD), and opera ted  i n  t h e  s p l i t l e s s  
i n j e c t i o n  mode was used t o  o b t a i n  chromatographic r e t e n t i o n  da ta .  Hydrogen 
was used a s  t h e  c a r r i e r  gas  a t  a l i n e a r  v e l o c i t y  of 100 em s-1. The c a p i l l a r y  
column used i n  t h i s  s t u d y  was prepared by c o a t i n g  a 20 m x 0.31 mm i . d .  l e n g t h  
of fused s i l i c a  tub ing  (Hewlett-Packard, Avondale, PA)  with a 25% biphenyl 
polymethyls i loxane s t a t i o n a r y  phase (0.25 u m  f i l m  t h i c k n e s s )  ( 9 ) .  A Hewlett- 
Packard Model 5982A GC-MS system was used t o  o b t a i n  mass s p e c t r a l  confirm- 
a t i o n  of i d e n t i f i e d  compounds. The same chromatographic column was used a s  
f o r  gas  chromatography, and t h e  mass spec t rometer  was opera ted  i n  t h e  e l e c t r o n  
impact  mode a t  70 eV e l e c t r o n  energy. The A m e s  mutagenici ty  assay  was 
performed a s  descr ibed  by Ames e t  a l .  (10)  with minor modi f ica t ions .  

RESULTS A N D  DISCUSSION 

The chromatogram of t h e  SRC I1 H D  A-3 f r a c t i o n  on  t h e  25% b i p h e n y l  
methylpolysi loxane s t a t i o n a r y  phase is  shown i n  F igure  1 .  Retent ion times 
were compared with t h e  newly synthes ized  s tandard  samples, and t h e  1 -  t o  
4-aminodibenzothiophenes and var ious  aza th iophenic  compounds were i d e n t i f i e d .  
Severa l  small  peaks (most l i k e l y  su l fur -conta in ing  secondary n i t rogen  hetero-  
cycles) were e l i m i n a t e d  a f t e r  a c i d  e x t r a c t i o n  of t h e  f r a c t i o n .  A modi f ica t ion  
of t h e  method d e s c r i b e d  by Later  et a l .  ( 1 1 )  was used t o  d i s t i n g u i s h  t h e  
s u l f u r / t e r t i a r y  n i t rogen-conta in ing  PAH and s u l f u r / a m i n o - c o n t a i n i n g  P A H .  
Comparison of t h e  chromatogram of the  PFP d e r i v a t i v e s  with F igure  1 showed 
t h a t  some of t h e  peaks s h i f t e d  i n  r e t e n t i o n  t i m e  a f t e r  d e r i v a t i z a t i o n .  
Retent ion times f o r  t h e  PFP amide d e r i v a t i v e s  decreased because t h e  polar  
amino groups were blocked by  t h e  PFP groups,  caus ing  l e s s  d i p o l e / i n d u c e d  
d i p o l e  i n t e r a c t i o n s  wi th  t h e  p o l a r i z a b l e  biphenyl  s t a t i o n a r y  phase. I d e n t i -  
f i c a t i o n  of t h e  f o u r  aminodi benzothiophene isomers was confirmed by comparing 
the  r e t e n t i o n  times of t h e  PFP-derivat ized s t a n d a r d s  with t h e  r e t e n t i o n  times 
of t h e  s h i f t e d  peaks i n  t h e  chromatogram of t h e  PFP-derivat ized A-3 f r a c t i o n .  
A chromatogram of t h e  S-2 APAH f r a c t i o n  of t h e  SRC I1 H D  showed only amino- 
dibenzothiophenes and a l k y l a t e d  aminodibenzothiophenes. 

The chromatogram of  t h e  c o a l  t a r  A-3 f r a c t i o n  on t h e  25% biphenyl 
methylpolysi loxane s t a t i o n a r y  phase is shown i n  F igure  2. Re ten t ion  times of 
compounds i n  both t h e  A-3 and S-3 f r a c t i o n s  were compared w i t h  t h e  re ference  
samples, and 3 i somers  of the  azabenzothiophenes and a l l  i s o m e r s  o f  t h e  
azadibenzothiophenes were i d e n t i f i e d .  I n  c o n t r a s t  t o  t h e  SRC I1 H D ,  aza th io-  
phenic compounds were major components and aminodibenzothiophenes were not  
found . 

Fur ther  conf i rmat ion  of peak i d e n t i t i e s  was obta ined  by GC-MS a n a l y s i s .  
Table  1 l ists t h e  r e l a t i v e  r e t e n t i o n  times of t h e  PAC conta in ing  both s u l f u r  
and n i t rogen  i d e n t i f i e d  i n  t h i s  s tudy and t h e  r e s u l t  of semi-quant i ta t ion  of 
s e v e r a l  of t h e s e  compounds i n  t h e  samples. 

Ter t ia ry  n i t r o g e n  h e t e r o c y c l e s  a r e  more thermal ly  s t a b l e  than amino- 
conta in ing  PAC, and w e  major n i t rogen-conta in ing  PAC i n  coal-der ived products  
( 1  2 ) .  Azathiophenic compounds were t e n t a t i v e l y  i d e n t i f i e d  i n  an anthracene 
O i l  and coa l  t a r  us ing  GC-MS by Burchi l l  e t  a 1 . ( 1 2 , 1 3 ) .  However, t h e  amino- 
dibenzothiophenes were t h e  major nitrogen/sulfur-containing h e t e r o c y c l e s  
i n  t h i s  Coal l i q u i d ,  whi le  t h e  aza th iophenic  compounds were t h e  major ones i n  
t h e  coa l  tar .  The d i f f e r e n c e  between t h e  two coal-der ived products  apparent ly  
r e l a t e s  t o  t h e  r e a c t i o n  c o n d i t i o n s .  I n  t h e  SRC I1 process ,  hydrogen was used 
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Figure 1. FPD chromatogram of the SRC I1 HD A-3 fraction on a 25% biphenyl 
polysiloxane stationary phase. Conditions: temperature program from 120°C 
to 265'C at 4°C min-I, after an initial 2-min isothermal period; hydrogen 
carrier gas at 100 cm s-1 .  
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Peak assignments are listed in Table 1. 
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Figure 2. FPD chromatogram of the coal tar A-3 fraction on a 25% biphenyl 
polysiloxane stationary phase. Conditions: temperature program from 70 "c 
to 120°C at 10°C min'l, then from 120°C to 265°C at 4 ° C  min-1, after an 
initial 2-min isothermal period; hydrogen carrier gas at 100 cm s-1 .  
Peak assignments are listed in Table 1. 
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Table 1. Relative retention times and semi-quantitation (selected examples) 
of PAC containing both sulfur and nitrogen in an SRC I1 heavy 
distillate coal liquid and a coal tar. 

Peak Compounda 
No. 

Relative Retention Concentrationc 
Timeb (ug/g) 

S R C  I1 HD Coal Tar 

1 4-azabenzothiophene 0.361 
3 
2 
4 
6 
7 
5 
a - 
9 

1 1  
12 
13 
10 
14 
15 
16 

17 
- 
- - 
18 
19 

6-azabenzothiophene 
7-azabenzothiophene 
1-azadibenzothiophene 
2-azadibenzothiophene 
3-azadibenzothiophene 
4-azadibenzothiophene 
azadi benzothiophene isomers 
l-azanaphtho[2,1-k]thiophene 
azaphenanthro[4,5-b,c,dlthiophene 

1-aminodibenzothiophene 
2-aminodibenzothiophene 
3-aminodibenzothiophene 
4-aminodibenzothiophene 
C1 aminodibenzothiophene 
C2 aminodibenzothiophene 
3-azaphenanthro[9,10-k]thiophene 
3-azaphenanthro[2,1-k]thiophene 
3-azaphenanthro[4,3-k]thiophene 
1-azaphenanthroC lt2-L]thiophene 
5-azabenzo[b_]naphtho[lt 2-glthiophene 
azabenzonaphthothiophene isomers 
C1 azabenzonaphthothiophene isomers 

isomers 

0.380 
0.361 
0.956 
1.05 
1.05 
1.04 

0.979 
- 

- 
1.47 
1 .52 
1.54 
1.43 - - 
1.74 

1.80 
1.78 

- d  
- d  - - 

0.32 
0.11 
2.5 
0.33 

0.18 

1.7 

acornpounds which are not numbered were not found in these coal-derived 

bRetention relative to naphto[2,3-k]thiophene. 
CApproximate concentration in ug/g in the crude SRC I1 heavy distillate 

dCompound did not elute under the chromatographic conditions used. 

products. 

and the coal tar. 

in the reaction, and metals contained in the recycle oil were utilized as 
catalysts (1  4). Therefore, aminodibenzothiophenes seem to be more abundant 
than azathiophenic compounds in the coal liquid because of hydrogenation 
in the process. On the other hand, sulfur/tertiary nitrogen-containing 
PAC were thought to be major components in the high-temperature treated coal 
tar Sa.InPle. Similarly, the easily desulfurized sulfur heterocycles such as 
naphtho[2,3-blthiophene, 4- and 5-ring sulfur heterocycles derived from 
naphtho[2,3-blthiophene were not found in SRC I1 sample, while these sulfur 
heterocycles were present in the same coal tar as reported elsewhere (15). 

The mutagenicities of all isomers of the aminodibenzothiophenes and the 

1 
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Table  2. Ames mutagenic i ty  of t h e  aminodibenzothiophenes and azadibenzo- 
th iophenes .  

Compound rev/& R2 

1-aminodibenzothiophene 
C -- 0% S9b 

4% S9d 2.36 0.96 

0% S9b 9.07 0.98 
4% s 9 e  1.94 x 104 0.97 

0% S9b 4.74 0.90 
4% S9f 3.43 x 103 0.97 

2- a m i  nodi benzo t h i  ophene 

3- ami nodi benzo t hiophene 

4-aminodi benzothiophene 
C 
C 

-- -- 0% S9b 
4% S9d 

4% s9g 

4% S9h 

4% S9h 

4% s9g 

1 -azadi  benzothiophene 

2-azadi benzothiophene 

3-azadi benzothiophene 

4-azadi benzothiophene 

C -- 

C -- 
C -- 
C -- 

aLinear response  r e g i o n  used t o  c a l c u l a t e  dose response  by 

bSolvent c o n t r o l  va lue  (0% S9):  2124 
CResponse < 2X s o l v e n t  c o n t r o l  v a l u e s  
dSolvent c o n t r o l  va lue  (4% S9):  3855 
eSolvent c o n t r o l  va lue  ( 4 %  S 9 ) :  2954 
fSolvent  c o n t r o l  va lue  ( 4 %  S9) :  3 1 ~ 4  
gSolvent  c o n t r o l  va lue  (4% S9):  3852 
hSolvent c o n t r o l  va lue  (4% S9): 4626 

l i n e a r  r e g r e s s i o n  c u r v e  f i t t i n g .  

azadibenzothiophenes a r e  l i s t e d  i n  Table  2. The 2- and 3-aminodibenzothio- 
phenes a r e  s t r o n g l y  mutagenic,  and t h e i r  average  mutagenic r e s p o n s e  was t e n  t o  
one hundred t imes g r e a t e r  than  t h e  average response  of benzo[a_]pyrene (200-300 
r e v e r t a n t s / p l a t e  a t  4 ug and 4% S9) ( 1 6 ) .  A l l  isomers of t h e  azadibenzo- 
thiophenes were i n a c t i v e .  A comparison of t h e  s t r u c t u r e s  of aminodibenzo- 
thiophenes t o  the  aminophenanthrenes r e v e a l s  a geometr ic  s i m i l a r i t y  between 
them. The 2-, 3-, and 9-aminophenanthrenes demonstrated t h e  h i g h e s t  muta- 
g e n i c i t y  of t h e  aminophenanthrene isomers ( 1  7 ) .  The 3 -aminophenan th rene  
isomer had t h e  s t r o n g e s t  mutagenic i ty  (30,300 r e v l u g  average  r e s p o n s e ) ,  and 
t h i s  s t r u c t u r e  is analogous t o  2-aminodibenzothiophene which  i s  t h e  most 
a c t i v e  of t h e  aminodibenzothiophene isomers .  
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NEW CHEMICAL STRUCTURAL FEATURES OF COAL. STRUCTURE OF COAL DERIVATIVES (1)  

Ben Fc. Benjamin and E. C. Douglas 

Oak Ridge Nat ional  Laboratory, P. 0. Box X, Oak Ridge, Tennessee 37831 

INTRODUCTION 

The t r a n s a l k y l a t i o n  reac t i on  has been used by several researchers t o  i n v e s t i -  
gate the s t r u c t u r e  o f  coal  and o t h e r  f o s s i l  f ue l s .  Heredy and Neuworth (2 )  f i r s t  
app l i ed  the method t o  depolymerize coal under cond i t i ons  t h a t  were m i l d  enough so 
t h a t  unal tered monomeric u n i t s  could be recovered. The i r  procedure consis ted o f  
heat ing coal w i t h  boron t r i f l u o r i d e  i n  phenol. The boron t r i f l u o r i d e  c a t a l y s t  
served t o  cleave a romat i c -a l i pha t i c  bonds and phenol served as so l ven t  and acceptor 
t o  g i v e  a lky lphenols .  The product f r a c t i o n  con ta in ing  the  a lky lphenols  was recov- 
ered and analyzed (3,4). Th is  f r a c t i o n  was found t o  con ta in  iso-propylphenol, 
e t h y l  phenol and dihydroxydiphenylmethanes, thus con f i rm ing  t h c r e s e n c e  of i so -  
propyl,  e thy l ,  and methylene groups i n  coal .  Fur ther  work was done w i t h  t h e  
coal-BF,-phenol system by Ouchi ( 5 )  and Larsen (6) .  L a t e r  Franz (7)  showed t h a t  
c e r t a i n  phenolic d e r i v a t i v e s  undergo condensation reac t i ons  t o  g i v e  he te rocyc l i c  
compounds which are n o t  d i r e c t l y  de r i ved  from coal .  

The t r a n s a l k y l a t i o n  reac t i on  was f u r t h e r  developed by Farcasiu (81, who used 
trifluoromethanesulfonic acid,  CF,SO,H, as c a t a l y s t  and xylene as so l ven t  and ac- 
ceptor. The method was use fu l  i n  o b t a i n i n g  q u a l i t a t i v e  and q u a n t i t a t i v e  in format ion 
on methylene connecting groups and a l k y l  subs t i t uen ts  i n  petroleum res ids .  We have 
modi f ied t h i s  method f o r  use i n  probing the  s t r u c t u r e  o f  coal. 
CF,SO,H as c a t a l y s t  and to luene as so l ven t  and acceptor (9) .  
the t r a n s l k y l a t i o n  reac t i on ,  we i d e n t i f i e d  a l a r g e  number o f  groups i n  coal  (9)  and 
compared the  s t ruc tu res  o f  n ine  d i f f e r e n t  coals  (10). 
periments were a l so  reported. I n  t h i s  paper, we present p re l im ina ry  i n fo rma t ion  on 
the s t ruc tu re  o f  t he  f o l l o w i n g  products  de r i ved  from coal :  
p y r i d i n e  i nso lub le  res idue from Ky #9 coal ,  0-methylated I11 #6 coal ,  B i r c h  reduced 
I11 #6 coal ,  Coke from I11  #6 coal ,  and SRC from Ky #9 coal. 

Our method employs 
Using ou r  ve rs ion  of 

Relevant model compound ex- 

Py r id ine  e x t r a c t  and 

EXPERIMENTAL 

The procedure used here i s  t he  same as t h a t  used e a r l i e r  (9,lO). B r i e f l y ,  4 g 
o f  s t a r t i n g  ma te r ia l  a re  mixed w i t h  20 m l  o f  to luene a f t e r  which 2 m l  o f  CF,SO,H a re  
added. 
quenched by adding NaHCO, and H,O. 
to luene s o l u t i o n  i s  i s o l a t e d  and analyzed by c a p i l l a r y  gc and c a p i l l a r y  gc-ms. The 
o r i g i n a l  procedure c a l l s  f o r  f o u r  consecut ive r e a c t i o n  steps, o r  cycles, t o  recover 
most of t he  exc isable groups. 
reac t i on  cycle. 

Coke was prepared by heat ing powdered I11  #6 coal i n  a quar tz  tube t o  800°C f o r  
1 hour i n  a stream o f  argon. 0-Methylated coal  was prepared by an adaptat ion o f  t he  
L i o t t a  procedure (11). 
Hombach procedure (12). 

The ma te r ia l  r e f e r r e d  t o  as SRC i s  f i l t e r e d  SRC T102 bottoms, Run No. 72, K125, 
Date-4/19/76, SN No. 74690, suppl ied by W. H. Webber, EPRI. 

The mixture i s  s t i r r e d  under r e f l u x  f o r  48 h r s  and then the r e a c t i o n  i s  
An i n t e g r a t i o n  reference i s  added and the  

Here we r e p o r t  on l y  se lected data from the  f i r s t  
The data are recorded i n  Tables 1 and 2. 

B i r c h  reduced coal  was prepared by an adaptat ion of the 

RESULTS AND DISCUSSION 

The mechanism (13) f o r  t r a n s f e r  o f  e t h y l  groups, o r  o the r  n - a l k y l  groups, from 
benzene t o  toluene i s  shown i n  F igure 1. 
1 , l -d i t o l y le thane  a l s o  should appear i n  the  product  mix ture.  
benzene r i n g  i s  replaced by a coal aromatic c l u s t e r  and e t h y l  i s  any n - a l k y l  group, 
i t  i s  an t i c ipa ted  t h a t  n-a lky l to luenes,  1 , l -d i t o l y la l kanes  and a v a r i e t y  o f  f ree 

Extension o f  the mechanism suggests t h a t  
Assuming t h a t  the 
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aromatics will appear in the product mixture. Tertiary alkyl groups transfer 
through f ree  ca t ion ic  intermediates while secondary alkyl and benzylic groups 
probably t ransfer  through mixed mechanisms. 

Actually, a la rge  number of derivatives of toluene as  well as other compounds 
are found i n  the product mixture (9,lO). 
lected a limited number of these compounds. The selection i s  made on the basis of 
two cr i te r ia :  these groups a re  the most prevalent in most of the samples, and they 
represent groups which demonstrate s imi la r i t i es  o r  differences between the samples. 
Other important aspects of the results will be presented i n  a future paper along 
with 2nd-4th cycle resu l t s .  

Table 1 contains data obtained from the transalkylation of I11 #6 coal and i t s  
derivatives, while the data f o r  Ky #9 coal and i t s  derivatives a re  collected i n  
Table 2. 

From Table 1 i t  i s  seen t h a t  0-methylation of I11 #6 coal causes only small 
changes in the numbers o f  excisable groups. 
lower in value. 
Liotta procedure (12 )  produces only minor structural  changes. 

column 4. These r e su l t s  also show reduced amounts of certain monosubstituted alkyl 
groups, while the amounts of 1,l-diarylalkanes a re  larger.  The increased values of 
1.2-ditolylethane can be a consequence of reaction of triglyme, used as  solvent in 
the Birch reduction, which may n o t  have been completely removed by washing and 
drying the coal. The methine cross linking group, represented by tritolylmethane, 
has been lowered in concentration relative to  the parent coal, while the t r i subs t i -  
t u t e d  ethane has been increased. The observation re la t ive  t o  t r i subs t i tu ted  ethane 
will be resolved in future control experiments. 
the Tables i s  tha t  changes in coal structure during Birch reduction resulted i n  the 
production o f  large numbers of substituted indane and t e t r a l in s  during transalkyla- 
tion. 

The coking process effectively 
drives off vo la t i le  matter and causes thermal cleavage of many bonds so t h a t  many 
substituent groups a r e  removed. 
polynuclear aromatics w i t h  few excisable side chains. 
by the experimental data in Table 1. 
substituents a re  found. 
isomers of a compound which has a molecular weight of 214. 
i n  the Tables, has not ye t  been identified. 

and Figure 2 ,  show some large differences. 
of monosubstituted alkyl substi tuents,  while the insoluble part i s  p s r t i a l ly  
depleted in these groups. There i s  a decrease in the amount of 1,l-diarylethane in 
b o t h  fractions. 
alkyls can be explained by reference t o  the mechanistic scheme in Figure 1, and  the 
proposed presence of la rger  numbers o f  hydride abstractors as s e t  f o r t h  i n  the 
section on model systems. 

The most dramatic change i s  seen i n  the differences i n  concentrations o f  
ditolylmethane and tritolylmethane in the soluble and insoluble fractions.  
soluble p a r t  contains the larger amount of ditolylmethane which represents methylene 
(-CH,-) connecting groups between aromatic clusters.  On the other hand, the in- 
:o!uble p a r t  contains the larger amount of tritolylmethane which represents methine 
\ ,CH-) crossiinking groups. These data are i n  agreement with the accepted o p i n i o n  
t h a t  pyridine ex t rac ts  the material w i t h  a lower cross-link density and leaves a 
residue with a higher cross-link density. 

SRC contains smaller molecules 
soluble i n  toluene. 
and. 
starting coal. 

understand resu l t s  with coal and coal products. 

For the present discussion we have se- 

Only ethyl and propyl are significantly 
From these resu l t s ,  we suggest t h a t  0-methylation of coal by the 

Results from the transalkylation of Birch reduced coal a r e  found i n  Table 1, 

Another observation not shown in 

The data on coke presents an interesting case. 

The remaining residue i s  thought t o  be a network of 
This expectation i s  borne o u t  

Only smal'l amounts of ethyl and methylene 
The most abundant transalkylation product i s  a n  assembly of 

This compound, not  shown 

The soluble part shows increased amounts 

The relationship between 1-substituted alkyls and 1,l-disubstituted 

The pyridine ex t rac t  and pyridine insoluble residue from Ky #9 coal,  Table 2 

The 

and more soluble materials. I t  i s  about 90% 
I t  i s  observed to  contain a larger number of alkyl substituents 

expected, a lower number o f  methylene connecting groups  re la t ive  to  the 

We have  performed numerous experiments w i t h  model compounds i n  order t o  better 
The most significant aspects of 
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, 

these experiments are sumnarized as fo l l ows :  
t h a t  n-alkylbenzenes t ransa l  k y l a t e  s low ly  under ou r  experimental cond i t i ons .  
cont rast ,  n -a l ky l  subs t i t uen ts  on polynuclear  aromatics, such as phenanthrene, 
anthracene and pyrene, t r a n s a l k y l a t e  10-100 t imes fas te r .  
subs t i t u ted  aromatics t r a n s a l  k y l a t e  7-5 t imes f a s t e r  when the r e a c t i o n  m i x t u r e  
contains polynuclear  aromatics. The l a t t e r  observat ions a re  probably  a r e s u l t  o f  
the much l a r g e r  b a s i c i t y  o f  t he  polynuclear  aromatics and the hyd r ide  a b s t r a c t i n g  
a b i l i t y  o f  t h e i r  protonated intermediates. 
through a chain mechanism, the  presence o f  more hyd r ide  abs t rac to rs  increases the 
r a t e  by i nc reas ing  t h e  number o f  chain i n i t i a t i o n  steps. With these concepts i n  
mind, i t  i s  reasonable t h a t  the polynuclear  na tu re  o f  coal accounts, a t  l e a s t  i n  
p a r t ,  f o r  t he  r a p i d  product ion o f  numerous to luene d e r i v a t i v e s  under ou r  r e a c t i o n  
condi t ions.  

In  an e a r l i e r  paper (91, we showed 
I n  

We a l s o  found t h a t  a l k y l  

Because t r a n s a l k y l a t i o n  takes p lace 

CONCLUSIONS 

The above d iscuss ion i s  based on p re l im ina ry  data observed from coal de r i va -  

1. 0-methy lat ion does n o t  appear t o  change t h e  s t r u c t u r e  o f  coal g r e a t l y .  
2. The treatment o f  coal under a l k a l i  metal reducing cond i t i ons  appears t o  

lower the number o f  exc isable sho r t  chain a l k y l  subs t i t uen ts  w h i l e  a l so  
changing the  s t r u c t u r e  t o  g i v e  new compounds under t ransa l  k y l a t i o n  
condi t ions.  
Py r id ine  ex t rac t i o r :  produces two f r a c t i o n s  which have w ide ly  d i f f e r e n t  
subs t i t uen t  features.  

t i v e s .  The data show c e r t a i n  trends, such as: 

3. 
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Figure 2 .  
Ky 19 Coal. B) Pyridine Insoluble Fracrion. The Peak Marked X i s  Triphenylrnerhane 
Added a8 Internal Reference. 

CC Traces of Transalkylarion Products from A) Pyridine Soluble Fracrion of 
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NMR ANALYSIS OF HEAVY CRUDE OIL RESIDS 

J u d i t h  C. Ware and Charles M. Schramm 

Union O i l  o f  C a l i f o r n i a  
Science and Technology D i v i s i o n  

376 S. Valencia Avenue 
Brea, CA 92621 

SUMMARY 

We have analyzed pentane- insolub le asphaltenes from a number o f  feeds and hydro- 
t rea ted  products. Processing reduced the asphal tenes l eve l s  by 29-77%. The hydro- 
gen-to-carbon atom r a t i o  and f r a c t i o n  o f  aromatic carbon atoms were near ly  the  same 
f o r  a l l  o f  t h e  feed and product  asphaltenes, w h i l e  o the r  values va r ied  widely .  
These r e s u l t s  are taken t o  mean t h a t  a r o m a t i c i t y  a long w i t h  l a r g e  molecular s i ze  i s  
the fac to r  determin ing whether a molecule i s  an asphaltene and t h a t  some degree o f  
reduct ion o f  t he  asphal tene 's  Crack- 
i n g  of t he  l o n g  a l i p h a t i c  s t r a i g h t  subs t i t uen t  chains does n o t  seem t o  be necessary. 
An essent ia l  f u n c t i o n  o f  an asphaltene convers ion c a t a l y s t  appears t o  be reduc t i on  
of aromatics . 
INTRODUCTION 

Asphal tenes a r e  the  l i g h t  p a r a f f i n i c  hydrocarbon- insolub le b u t  to luene-  o r  benzene- 
so lub le  p o r t i o n s  of crude o i l s .  The are concentrated i n  the heavy ends when crude 
o i l s  are d i s t i l l e d  and are considered t o  be coke precursors i n  processing. The 
heavier  o i l s ,  which c o n s t i t u t e  a growing p ropor t i on  o f  the crudes a v a i l a b l e  fo r  
processing, u s u a l l y  c o n t a i n  s u b s t a n t i a l  q u a n t i t i e s  o f  asphaltenes. 

Asphal tenes a r e  a m i x t u r e  o f  many d i f f e r e n t  types o f  compounds and tend t o  be p o l a r  
because they con ta in  heteroatoms, i n  p a r t i c u l a r  n i t rogen ,  sulfur, oxygen and metals. 
Nickel  and vanadium a r e  t h e  l e a d i n g  m e t a l l i c  elements. These ma te r ia l s  assoc iate so 
t h a t  t h e i r  t r u e  molecular  weights are hard t o  determine. It i s  est imated t h a t  t he  
i s o l a t e d  molecules have an average molecular weight  o f  the o rde r  o f  1000-2000 amu 

When a crude o i l  o r  residuum i s  processed, t h e  asphaltenes must be converted, 
p re fe rab ly  t o  more s o l u b l e  products. I n  order  t o  l e a r n  how asphaltenes are t rans-  
formed i n  the upgrading process and how t h a t  process might be improved, we have 
examined feeds-and products-  t h a t  were run  s e q u e n t i a l l y  over a t y p i c a l  hyd ro t rea t i ng  
ca ta l ys t .  Asphaltenes and maltenes were separated from each and character ized by 
elemental ana lys i s  and by NMR techniques. Resul ts  o f  these s tud ies  suggest a conmon 
fac to r  i n  asphaltene s t r u c t u r e  and an essen t ia l  f u n c t i o n  o f  an upgrading ca ta l ys t .  

EXPERIMENTAL 

A ser ies o f  res idua l  feeds and blends was t r e a t e d  over the same charge of hydro- 
t r e a t i n g  c a t a l y s t  under t y p i c a l  cond i t i ons  i n  order  t o  compare t h e i r  r e a c t i v i t y .  
The pressure was 2200 p s i g  and temperatures ranged from 382-393OC. Proper t ies o f  
the res ids  are summarized i n  Table 1. Numbers 1 and 2 are blends; 3 and 10 a re  
Ca l i f o rn ia  offshore; 6 and 7 are C a l i f o r n i a  OCS; 11 and 12 a r e  from the C a l i f o r n i a  
c e n t r a l  va l l ey ;  4 ,  5 ,  8, 9 and 14 are  from Mexico, I ran ,  Alaska, Long Beach and 
Canada respec t i ve l y .  

Heavy Arabian r e s i d  was processed between each p a i r  o f  res ids  i n  o rde r  t o  b r i n g  the  
c a t a l y s t  to a "standard" c o n d i t i o n  and t o  check t h a t  i t s  performance was cons is ten t  

aromatic system can conver t  i t  t o  a maltene. 

(1). 
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1 
throughout the run. The r e a c t o r  temperature was increased as necessary t o  ma in ta in  
approximately constant  metals conversion o f  t he  Heavy Arabian blend. It was be- 
l i e v e d  t h a t  a l l  the r e s i d s  t e s t e d  would have been subjected t o  e s s w t i a l l y  t he  same 
c a t a l y s t .  

Pentane asphaltenes were separated from each feed and product, us ing  a modi f ied 
Union O i l  procedure. The r e s i d  was d i sso l ved  i n  a smal l  amount o f  dichloromethane 
and then pentane was added a t  a so1vent:sample r a t i o  o f  about 1OO:l t o  p r e c i p i t a t e  
asphaltenes. The volume was reduced by 60% under n i t rogen,  and a d d i t i o n a l  pentane 
was added t o  res to re  the so1vent:sample r a t i o  t o  1OO:l. P r e c i p i t a t i o n  was a t  room 
temperature. The mixtures were M i l l i p o r e  f i l t e r e d  a f t e r  one hour, and t h e  asphal- 
tenes were washed with pentane and then d i sso l ved  through the  f i l t e r  w i t h  toluene. 
A f te r  evaporat ion o f  to luene the  asphaltenes were vacuum d r i e d  i n  a p i s t o l  a t  105°C 
and the maltenes were "dr ied"  i n  a Rotavap a t  ca 0.3 mm a t  60'C f o r  one hour. Both 
f rac t i ons  were analyzed ffr C, H Some I R  spect ra and thermal 
data were obtained, and 

13C-NMR spectra wyse obta ined on spectrometers ope ra t i ng  a t  2.1, 4.7  and 6.3 Tesla, 
corresponding t o  I n  gener f j ,  
on ly  s e n s i t i v i t y  was improved by us ing h ighe r  f i e l d  spectrometers t o  o b t a i n  the C 
NMR spectra. A t ime f a c t o r  improvement o f  almost 10 f o l d  was achieved w i t h  the 6.3 
Tesla spectrometer r e l a t i v e  t o  the  2.1 Tesla spectrometer. However, t h e  data 
obtained on a l l  ins t ruments were q u i t e  comparable. The improved r e s o l u t i o n  a t  
h igher  f i e l d s  d i d  n o t  r e s u l t  i n  b e t t e r  q u a l i t y  data, s ince  r e s o l u t i o n  a t  2.1 Tesla 
was s u f f i c i e n t  f o r  t he  measurements undertaken. A l l  samples were r u n  as CDCl  
so lu t i ons  i n  1 0 - m  o r  12-mm sample tubes. Ninety  degree pulses and 30-secona 
recyc le  delays were used a long w i t h  broadband, gated decoupling du r ing  a c q u i s i t i o n s  
only .  L ine broadening equ iva len t  t o  1 Hz (whole res ids  and maltene f r a c t i o n s )  o r  2 
Hz (asphaltenes) was app l i ed  p r i o r  t o  F o u r i e r  t ransformat ion.  Sweep widths and data 
sizes were set, depending on app l i ed  f i e l d ,  t o  cover a 220 ppm range and t o  g i v e  
approximately a 1-second a c q u i s i t i o n  time. 

DEPT t ype  spect ra and quaternary carbon-only spectra were obtained on the 6.3 and 
the 2.1 Tesla inst ruments as descr ibed by Bendall  and Pegg (2). A heteronuclear  
J-resolved two-dimensional experiment was performed on the 6.3 Tesla inst rument  
us ing the  sof tware prov ided w i t h  the  inst rument .  

S, N ,  Fe, N i  and V.  
C- and 'H-NMR spect ra were obtained fo r  a l l .  

C resonance f requencies o f  22.5, 50.3 and 67.9 MHz. 

I 

I 

Sol i d  s t a t e  13C-CPMAS experiments on the  asphal tenes were performed w i t h  a Chemag- 
n e t i c s  accessory at tached t o  t h e  2.1 Tesla instrument. Experimental parameters used 
t o  ob ta jn  the I p p c t r a  were a 1 ms con tac t  t ime, 1 second recyc le  delay, and matched 
40 kHz H and C R.F. f i e l d  s t rengths.  Samples were spun i n  Kel-F r o t o r s  a t  3-3.5 
kHz. Ten t o  twelve thousand scans were accumulated f o r  each sample. Spectra o f  
nonprotonated carbons were generated by i n s e r t i n g  a 50 usec delay between the  end of 

he cross p o l a r i z a t i o n  p e r i o d  and the  beginning o f  data a c q u i s i t i o n  d u r i n g  which the 
'tl decoupler channel was gated o f f  . T h i r t y  Hz o f  l i n e  broadening was app l i ed  p r i o r  
t o  Four ie r  t ransforming the  data t o  enhance the s ignal - to-noise r a t i o .  

RESULTS AND DISCUSSION 

Figures 1-4 summarize the elemental analyses on the feed and product maltene and 
asphaltene f r a c t i o n s .  From Figure 1 i t  can be seen t h a t  the H/C atom r a t i o s  f o r  
feed and product asphaltenes were a l l  w i t h i n  the range 1.20?0.09, and the value 
could go up o r  down i n  a product .  A t  t he  same time. asphaltenes were reduced by as 
much as 77 w t . % .  The values of t he  r a t i o s  were a l so  near l y  the  same f o r  maltenes: 
1.60+0.08 f o r  feeds and 1.67k0.07 f o r  products. I n  every instance t h e  r a t i o  i n -  
creased i n  going from a g iven feed t o  i t s  product. Some s o r t  o f  increase would be 
expected f o r  a h y d r o t r e a t i n g  process. 

t 
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By contrast ,  n i t r o g e n  and s u l f u r  l e v e l s  v a r i e d  w i d e l y  i n  bo th  f r a c t i o n s  (F igures  2 
and 3). Nitrogen l e v e l s  were lower i n  maltenes b u t  changed r e l a t i v e l y  l i t t l e  dur ing  
processing. I f any conversion d i d  occur, i t  must have l e d  t o  m a t e r i a l s  t h a t  remain- 
ed i n  the  l i q u i d  p o r t i o n s  o f  t he  res ids .  Su l fu r  l e v e l s  were usua l l y  lower i n  
maltenes and decreased s i g n i f i c a n t l y  on treatment.  S u l f u r  a l s o  decreased i n  the  
product asphaltenes. S u l f u r  could have been removed as H2S o r  i nso lub le  su l f i des ,  
n e i t h e r  o f  which would have remained i n  the  l i q u i d  phase. 

Metals content, as represented by (N i tV)  values, was much h igher  i n  asphaltenes than 
i n  maltenes and decreased on treatment. Levels i n  product maltenes were very low, 
suggesting t h a t  s o l u b l e  metals were r e a d i l y  removed. Metals reduc t i on  exceeded 
asphaltene reduc t i on  i n  most cases (F igure  5); e v i d e n t l y  metals a re  removed more 
e a s i l y  than asphal tenes a r e  converted. 

For a l l  of t he  f r a c t i o n s  13C-NMR spectra were measured; f o r  each, t he  f r a c t i o n  o f  
aromatic carbon atoms, f , and the  average chain l eng th  parameter, c / E  (3), were 
c a l  la ted .  For s e v e r a l a o f  t he  asphaltene f rac t i ons ,  t he  a r o m a t i c i t J  was measured 
by "C CFMAS (cross p o l a r i z a t i o n  - magic angle sp inn ing)  NMR d i r e c t l y  on t h e  s o l i d  
sample. Measured a r o m a t i c i t i e s  were found t o  be i d e n t i c a l  whether measured on 
so lu t i on  o r  s o l i d  samples. This suggests t h a t  we a re  examining t h e  whole sample i n  
so lu t i on ,  and that  s o l u b i l i t y  o f  t h e  asphaltenes i s  n o t  a problem when ch lo ro fo rm i s  
used as a solvent.  The data a re  presented g r a p h i c a l l y  i n  Figures 6 and 7. The 
c a l c u l a t i o n  o f  c was m o d i f i e d  by s u b s t i t u t i n g  f o r  c the  average of t he  he igh ts  
of the  c -c p d k s  t h a t  a re  c h a r a c t e r i s t i c  of l ong  i t r a i g h t  cha in  hydrocarbons 
(chemical 'shqfts J4.2, 20.4, 32.2 and 29.7 ppm respec t i ve l y ) .  F igure  6 shows t h a t  
t he  values o f  c /c v a r i e d  widely,  corresponding t o  an average s t r a i g h t  chain length  
range from 10 t\ 2% carbon atoms. 
increases i n  product asphaltenes. Ties4 
r e s u l t s  i n d i c a t e  t h a t  asphaltenes do conta in  long carbon chains, con t ra ry  t o  some 
e a r l i e r  statements (4). The cha in  l eng th  assignment was c a l i b r a t e d  w i t h  pentadecyl-  
phenol, and the  r e s u l t s  agreed w i t h  those o f  Netzel  e t  a1 (3). When one LAR asphal- 
tene sample was Soxhlet  e x t r a c t e d  w i t h  pentane f o r  e i g h t  hours, t he  c / E  va lue  d i d  
no t  change appreciably.  Thus, the  l ong  chains were no t  due t o  occ lueed lpara f f ins ;  
they  are an i n t e g r a l  p a r t  o f  t h e  asphaltenes. 

For several o f  r e s i d  f rac t i ons ,  we have a l so  c a l c u l a t e d  some a d d i t i o n a l  para- 
meters from the  *C-NMR spectra . The f r a c t i o n  o f  p a r a f f i n i c  carbon was ca l cu la ted  
as the  f r a c t i o n  o f  a l k y l  carbon contained i n  reso lved resonances (by i n t e g r a t i o n )  as 
descr ibed by Galya and Young (5). I n  add i t ion ,  t h e  f r a c t i o n  of s t r a i g h t  chain 
p a r a f f i n i c  carbon was c a l c u l a t e d  from the  r a t i o  o f  the  sum o f  the  i n t e g r a l s  o f  the 
14.2, 20.4, 32.2, 29.7, and 29.9 ppm resonances t o  the  t o t a l  p a r a f f i n i c  carbon 
i n t e g r a l .  F igure  7 shows t h e  change i n  s t r a i g h t  cha in  p a r a f f i n i c  contents a f t e r  
processing f o r  the maltene and asphaltene f r a c t i o n s  o f  s i x  res ids .  Only the  asphal- 
tene para f f in  content changes apprec iab ly  a f t e r  processing, inc reas ing  f o r  the 
r e s i d s  examined. Th is  suggests t h a t  h y d r o t r e a t i n g  reduces the  naphthene carbon 
content r e l a t i v e  t o  t h e  p a r a f f i n  content i n  the  asphaltene f r a c t i o n .  F u r t h e r  work 
i n  t h i s  area i s  underway. 

We have a l so  used a v a r i e t y  o f  techniques t o  c a l c u l a t e  t h e  f r a c t i o n  o f  nonprotonated 
pjomat ic carbon f o r  t h e  maltenes ant! asphaltenes f rac t i ons .  For the  asphaltenes, 

C CPMAS, DEFT, and he teronuc lear  J-resolved 2D NMR methods were evaluated. O f  
these methods, the l a t t e r  two were found t o  be too  t ime consuming. By o b t a i n i n g  the 
normal spectrum p lus  t h e  i n te r rup ted  decoupl i n g  spectrum, nonprotonated aromat ic 
carbon was determined i n  j u s t  two hours, versus 12-48 hours f o r  the  DEPT and 2D 
methods. For the  maltenes the  DEPT technique a l lows de terminat ion  of nonprotonated 
carbon i n  t y p i c a l l y  2-3 hours versus overn igh t  f o r  2D methods. Thus, DEPT i s  
preferred when a d d i t i o n a l  in fo rmat ion  a v a i l a b l e  f rom the  20 NMR (such as coup l ing  
Constants) i s  no t  deemed necessary. To date, we have no t  found any co r re la t i ons  

The on ly  obvious t r e n d  i n  the  data i s  t h a t  c / E  
It appears no t  t o  change much i n  maltenes. 

'. 
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\ between nonprotonated carbon content and hydrot reat ing.  

Figure 8 shows the values o f  f f o r  a l l  o f  t he  maltene and asphaltene f rac t i ons .  
The values f o r  feed and productaasphaltenes very remarkably l i t t l e ;  a l l  are i n  the 
range 0.4720.06. A t  t he  same t ime, the  asphaltene l e v e l s  were reduced up t o  77% by 
t h e  processing (F igure 5 ) .  Maltene values a l s o  f a l l  w i t h i n  a narrow range: 0 . 2 2  
0.05. I n  every case the value o f  fa f o r  maltenes e i t h e r  decreased o r  remained the 
same w i t h  hydrot reat ing.  

/ 
I 

I 

Thus, on l y  a romat i c i t y  and the H/C atom r a t i o ,  which i s  a rough i n d i c a t o r  o f  aroma- 
t i c i t y ,  maintained the same l e v e l s  i n  feed and product asphaltenes. Su l fu r ,  n i t r o -  
gen and (Ni tV)  l e v e l s  v a r i e d  g r e a t l y  i n  the same asphaltenes. Such a wide v a r i e t y  
o f  res ids  has been examined t h a t  these r e s u l t s  cannot be co inc iden ta l .  The data 
suggest t h a t  a r o m a t i c i t y  a long w i t h  h igh  molecular  weight i s  t h e  pr imary c r i t e r i o n  
f o r  asphaltene c l a s s i f i c a t i o n .  

Once the asphaltene aromatics are hydrogenated t o  some degree, they e v i d e n t l y  cease 
t o  be asphaltenes and pass i n t o  the maltene f r a c t i o n .  Metals o r  s u l f u r  removal do 
n o t  necessar i ly  have the same e f f e c t .  I t  appears tha t  hydrogenation o f  t he  aromatic 
r i n g  system i s  the  one reac t i on  necessary f o r  asphaltene conversion t o  more so lub le  
mater ia ls ,  The chain l eng th  data, which are harder  t o  reproduce and therefore l ess  
r e l i a b l e ,  show t h a t  i n  some instances the  asphaltenes w i t h  s h o r t e r  sidechains were 
more r e a d i l y  converted, b u t  i t  does n o t  appear t h a t  c rack ing  o f  sidechains i s  
genera l l y  requ i red  f o r  asphaltenes reduct ion.  

Aromatics reduc t i on  would cause a p lana r  aromatic system t o  become nonplanar. If 
the stack ing proposal o f  Yen ( 6 )  f o r  asphaltene p lanar  aromatic systems i s  c o r r e c t ,  
then the hydroaromatics thus formed might  no l onger  f i t  i n t o  such an assembly, and 
the  hydrogenated molecules might  t he re fo re  no l onger  be asphaltenes. 

These conclusions are a t  considerable variance w i t h  those o f  Plumail  e t  a1 f o r  the 
conversion o f  Boscan crude asphaltenes (7) .  Boscan r e s i d  was t r e a t e d  under the same 
condi t ions t h a t  we have repo r ted  here, and i n  ou r  hands the r e s u l t s  were i n  l i n e  
w i t h  the present  ones. Namely, asphaltene a r o m a t i c i t y  and H/C r a t i o  change l i t t l e  
on processing, and s u l f u r  and metals l e v e l s  ( i n c l u d i n g  n i c k e l )  drop. Ni t rogen 
values are v i r t u a l l y  unchanged, wh i l e  average s t r a i g h t  a l k y l  chain l eng th  decreases 
somewhat i n  product asphaltenes b u t  remains the  same f o r  product  maltenes. We 
be l i eve  t h a t  hydrogenation of aromatic s t ruc tu res  i s  the p r i n c i p a l  r e q u i s i t e  fo r  
conversion o f  Boscan as w e l l  as o the r  petroleum asphaltenes. 
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Iden t . 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Resid 

HVY ARAB. 
L AR 
SA. MARIA 
MAYA 
GACH SARAN 
HONDO 
FRODO 
N. SLOPE 
LA BASIN 
GILOA 
BREMER 
MIDWAY 
ORCUTT 
LLOYDMSTR 

Table. 

Minimum 
B.Pt., C 

343 
343 
204 
343 
343 
204 
232 
343 
204 
232 
232 
260 
232 
232 

Proper t ies o f  Feed Resids 

AP I 
Gravi ty  %Asph %N 

12.6 15.5 0.26 
11.0 13.7 0.67 
14.6 23.0 0.61 
9.4 23.4 0.52 
15.6 8.7 0.41 
13.4 19.8 0.70 
9.3 30.0 0.80 
15.3 5.1 0.31 
9.5 12.2 0.92 
14.6 13.9 0.73 
10.9 8.8 1.20 
11.6 8.1 0.83 
14.7 11.7 0.66 
13.5 13.2 0.16 

PP" 

4.23 115 
2.77 222 

%S (Ni+V) 

3.82 319 
4.42 496 
2.60 144 
5.10 321 
5.95 658 
1.60 57 
1.94 151 
3.60 318 
1.46 160 
1.41 150 .. ~ 

2184 192 
3.24 150 

108 



F i g .  1. V a r i a t i o n  o f  H/C a t o m  R a t i o  
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Fig. 3. Suifur Content o f  Resid Fractions 
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Fig. 5. Flsphaltene Metals Reduction 
v s  aspha I tenes Conversion 
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F i g .  7. P e r c e n t a g e  o f  S a t u r a t e d  C a r b o n s  
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ADDUCTION I N  OONOR SOLVENT CONVERSION OF EASTERN SHALE 
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INTRODUCTION 

Rich depos i ts  o f  Devonian o i l  shale a re  found eas t  of t h e  
M iss i ss ipp i .  The carbon i n  o i l  shales f rom Kentucky have been shown t o  have a 
h igher  aromatic carbon conten t  (-54% aromat ic carbon) than o i l  sha les  from t h e  
Green R iver  fo rmat ion  (-22% aromat ic ca rbon) . ( l )  This, a long wi th t h e  low H/C 
atomic r a t i o  o f  1.0-1.2 i n  eas tern  shales, suggests t h a t  these sha les  have a 
s t r u c t u r e  s i m i l a r  t o  t h a t  o f  coa l .  Dur ing coa l  l i q u e f a c t i o n ,  as w i t h  eas tern  
o i l  shale conversion, one o b j e c t i v e  i s  t o  decrease t h e  ex ten t  o f  recombinat ion 
o f  t he rma l l y  produced f r e e  r a d i c a l s  through t h e  use o f  a donor so lvent .  The 
donor sol  vent donates hydrogen t o  t h e  subs t ra te  and, there fore ,  becomes more 
aromat ic.  I n  a d d i t i o n  t o  donat ing  hydrogen, t h e  so lvent  can isomer ize  and/or 
be adducted. The o b j e c t i v e  o f  t h i s  work i s  t o  i d e n t i f y  t he  types of adduct ion 
o f  donor so lvents  t e t r a i i n ,  octahydrophenanthrene, and mes i ty lene i n  eas tern  
o i l  shale runs. 

EXPERIMENTAL 

The shale sample was prov ided by IMMR (Lexington, KY). It was taken 
from t h e  H i l p a t  s i t e  (Fleming Co., KY) and i t  i s  c l a s s i f i e d  as a Cleveland 
member, Ohio shale. It has a F ischer  assay o f  10.1 g / ton  and a carbon content 
o f  12.2 w t %  (MF). The un labe led  so l ven ts  were ob ta ined from F ishe r  S c i e n t i f i c  
and were used as received. The labe led  so lvents  (see F igure  1) were prepared 
by E. J. Eisenbraun o f  Oklahoma S ta te  Un ive rs i t y .  

Batch conversion experiments were made us ing  equal charges of shale 
and so lvent  t o  a small m ic roreac tor  which was lowered i n t o  a preheated sand- 
ba tch  t o  b r i n g  i t s  con ten ts  q u i c k l y  t o  r e a c t i o n  temperature. The experiments 
were made a t  a temperature o f  45OOC and r e a c t i o n  t imes between 0 (a l l ow ing  
2.5 min. f o r  hea t ing )  and 30 min. M ix ing  was prov ided by up-and-down 
a g i t a t i o n  a t  about 800 strokes/min.  Fu r the r  d e t a i l s  a re  given i n  Reference 2. 

The t o t a l  r e a c t i o n  product was t rans fe r red  t o  a small t e s t  tube and 
t h e  so lvent  was s t r i p p e d  w i t h  a n i t r o g e n  f l o w  t o  ensure a minimum of cosolvent 
e f f e c t s  du r ing  e x t r a c t i o n .  The produc t  was then s e q u e n t i a l l y  Soxhlet 
ex t rac ted  t o  g i ve  pentane and to luene  so lub les .  Percent so lub les  i s  def ined 
as 100% minus Soxhlet  residue. Selected samples o f  t he  to luene inso lub les  
were a l so  ex t rac ted  w i th  te t rahyd ro fu ran  (THF). The THF Soxhlet  e x t r a c t  was 
s t r i p p e d  w i t h  a n i t rogen  f l o w  a t  8OoC overn igh t  t o  remove so lvent  and recover 
a sample o f  preasphal tenes f o r  ana lys is .  
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1 3 C  NMR spec t ra  were obtained a t  50.3 MHz on a Var ian associates 
XL-200 spectrometer. Samples were made up i n  CDC13 w i t h  Cr (acac)3  added a t  a 
l e v e l  o f  0.05 M. Spectra were obtained w i t h  90° pulses, 0.4 second acqui-  
s i t i o n  time, 2 second de lay  between pulses and gated decoupl ing.  Spectra were 
referenced i n t e r n a l l y  t o  TMS. I n  some cases, on l y  10-20 mg o f  each f r a c t i o n  
were a v a i l a b l e  so spec t ra  were accumulated f o r  50-61 hours. I n  some cases, 
t h e  spec t ra l  q u a l i t y  even then was poor, so o n l y  major types of adduct ion are  
d iscernab le .  A re fe rence  spectrum o f  t h e  run  made w i t h  unlabeled donor 
so l ven t  was obtained f o r  each labe led  donor so l ven t  run. 

DISCUSSION 

Tet r a l  i n  Adduct ion 

T e t r a l i n  can be adducted as t e t r a l i n ,  naphthalene, o r  isomerized 
t e t r a l i n ,  e.g., methyl indane o r  butylbenzene. The poss ib le  f a t e s  o f  t e t r a l i n  
a r e  given i n  F igure  2. 

Pentane Sol ub les  

The spec t ra  f rom t h i s  f r a c t i o n  are  shown i n  F igure  3. 

Adduction o f  t e t r a l i n  can occur i n  e i t h e r  t h e  aromat ic or a l i p h a t i c  
p o r t i o n  o f  t h e  molecule.  Adduction through t h e  aromat ic p o r t i o n  i s  d i f f i c u l t  
t o  i d e n t i f y  because i t  does no t  p e r t u r b  t h e  chemical s h i f t  o f  t h e  labe led  
carbon. Attachment a t  t h e  a l i p h a t i c  p o r t i o n  can occur i n  any o f  t h e  fou r  
pos i t i ons ,  bu t  two o f  them a re  equ iva len t .  Attachment a t  t h e  labe led  
p o s i t i o n ,  which i s  a t o  t h e  aromat ic r i ng ,  w i l l  move t h e  chemical s h i f t  from 
i t s  normal p o s i t i o n  o f  29.9 ppm t o  37.2 ppm o r  42-46 ppm, depending on whether 
t h e  attachment i s  by an a l i p h a t i c  o r  aromat ic s t r u c t u r e .  There a re  two 
s i g n a l s  a t  45.4 ppm and 45.9 ppm, i n d i c a t i n g  attachment a t  t he  labe led  carbon 
by an aromatic s t r u c t u r e .  I n  add i t i on ,  t h e r e  i s  a small amount o f  s igna l  
i n t e n s i t y  a t  41-42 ppm, a l s o  i n d i c a t i n g  attachment o f  t h e  t e t r a l i n  a t  t h e  
l a b e l e d  p o s i t i o n  by an aromat ic s t ruc tu re .  The s igna l  a t  37.8 ppm can be due 
t o  attachment a t  t h e  l abe led  p o s i t i o n  o f  t e t r a l i n  by an a l k y l  group o r  
attachment a t  t h e  t e t r a l i n  p o s i t i o n  p t o  t h e  aromat ic r i n g  by an aromatic 
subs t i t uen t .  Because t h e  a t o  aromat ic p o s i t i o n  i s  t h e  most ac t i ve ,  i t  i s  
assumed t h a t  t h i s  s i g n a l  i s  due t o  attachment a t  t h a t  p o s i t i o n  by an a l k y l  
subs t i t uen t .  The l a r g e  s igna l  a t  29.9 ppm i s  due bo th  t o  l ong  chain ma te r ia l  
from shale and t o  t e t r a l i n  adducted through a p o s i t i o n  which does not pe r tu rb  
t h e  chemical s h i f t  o f  t he  l abe led  carbon, i.e., through t h e  aromat ic r i ng .  
Th is  represents t h e  l a r g e s t  amount of  adducted t e t r a l i n .  

The amount o f  each type o f  adducted t e t r a l i n  i s  given i n  Table 1. 
They were est imated based on a comparison o f  s igna ls  i n  t h e  spec t ra  o f  t h e  
1 abel ed and un labe led  runs. 

Buty i  Benzene Adduct ion 

T e t r a l i n  can open t o  form n-bu ty l  benzene w i t h  t h e  l a b e l  e i t h e r  i n  
t h e  p o s i t i o n  a t o  t h e  aromat ic r i n g  o r  a t  t h e  te rm ina l  methyl .  The s igna ls  
due t o  t h e  l a b e l  would then be a t  36 ppm o r  14 ppm, respec t i ve l y ,  unless 
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adduct ion occurred through t h e  a l k y l  chain.  There i s  a s igna l  a t  36 ppm t h a t  
i s  no t  present i n  t h e  spectrum from t h e  un labe led  run. This s igna l  i s  due t o  
b u t y l  benzene w i t h  t h e  l a b e l  i n  t h e  a p o s i t i o n .  The r e l a t i v e  i n t e n s i t i e s  of 
t h e  s igna l  a t  22.4 and 14 ppm i n  bo th  t h e  l abe led  and un labe led  runs a re  t h e  
same. This i nd i ca tes  t h a t  t he re  i s  l i t t l e  c o n t r i b u t i o n  t o  t h e  s igna l  a t  
14 ppm from n-buty l  benzene. However, t h e r e  i s  a s igna l  a t  36 pprn which i n d i -  
ca tes  t h a t  n -bu ty l  benzene i s  present and t h e  l a b e l  i s  i n  t h e  a p o s i t i o n .  The 
amount o f  t e t r a l i n  present as n-butyl  benzene i s  given i n  Table 1. 

T e t r a l i n  can a l so  open t o  form 1-phenyl I -methyl  propane. I n  t h i s  
case, t he  l abe l  would be present i n  t h e  methyl group and would have i t s  s igna l  
a t  22.5-23 ppm. There i s  a s igna l  p resent  i n  bo th  t h e  l abe led  and un labe led  
spec t ra  a t  t h i s  p o s i t i o n .  However, i t  i s  present i n  t h e  same amount r e l a t i v e  
t o  t h e  s igna l  a t  22.4 i n  both spectra,  i n d i c a t i n g  t h a t  i t  i s  due t o  t h e  
unlabeled p carbon o f  t e t r a l i n  r a t h e r  than t h e  propane d e r i v a t i v e .  

Methyl IndanelMethyl Propyl Benzene Adduction 

T e t r a l i n  can rearrange t o  form methyl indane o r  open t o  form o r t h o  
methyl p ropy l  benzene. I n  e i t h e r  case, t he  l a b e l  would be present  on t h e  
methyl group and would have i t s  s igna l  a t  20 ppm. One o r  bo th  of  these 
isomers i s  present as i nd i ca ted  by t h e  s igna l  a t  20 ppm i n  t h e  l abe led  run. 
Adduction o f  these isomers has probably occurred through t h e  aromat ic r i ng .  
The amount o f  these isomers i s  given i n  Table 1. 

Naphthalene Adduction 

T e t r a l i n  converted t o  naphthalene can be adducted a t  e i t h e r  o f  two 
equ iva len t  pos i t i ons .  The labe led  carbon has i t s  s igna l  a t  127.9 ppm. The 
aromat ic reg ion  o f  t h e  spectrum has a l a r g e  amount o f  s igna l  i n t e n s i t y  i n  t h i s  
reg ion ,  i n d i c a t i n g  t h a t  naphthalene has been adducted through t h e  unlabeled 
r i n g .  I n  add i t i on ,  t h e r e  are s igna ls  a t  126 and 125.5 ppm, i n d i c a t i n g  
adduct ion o r tho  t o  the  l a b e l  by e i t h e r  aromat ic o r  sho r t  a l k y l  cha in  subs t i -  
t uen ts .  There i s  a s igna l  a t  131.2 ppm t h a t  on l y  can be due t o  adduct ion para 
t o  t h e  l abe l  and t h e  l abe led  carbon must a l so  con ta in  a methyl group. The 
s igna l  a t  134.2 i s  i n d i c a t i v e  o f  naphthalene w i t h  an at tached methyl group. 
I n  t h i s  case, adduct ion must be through t h e  unlabeled r i n g .  There a re  two 
s igna ls  a t  137 and 138.4 ppm t h a t  a re  due t o  naphthalene adducted th rough the  
p o s i t i o n  para t o  t h e  l a b e l  and the  l abe led  carbon must con ta in  a sho r t  (C2-3) 
a l k y l  group. There are  a l so  s igna ls  p resent  a t  140.1 and 140.4 ppm t h a t  a r e .  
due t o  naphthalene adduct ion by an aromat ic group. 

Asphaltene F rac t i on  

The a romat i c i t y  o f  t he  asphal tene f r a c t i o n  ob ta ined from the  
unlabeled t e t r a l i n  run o f  5 min. was 70.7%. There are  sharp s igna ls  i n  the  
spectrum a t  t h e  c l a s s i c  pos i t i ons  f o r  l ong  a l k y l  cha in  ma te r ia l .  The aromatic 
reg ion  i s  broad and fea ture less .  The asphal tene f r a c t i o n  ob ta ined from 
t h e  1% labe led  t e t r a l i n  run  o f  5 min. has an a r o m a t i c i t y  o f  81.5%. The 
a l i p h a t i c  reg ion  has t h e  same c l a s s i c  s igna ls  f o r  l ong  cha in  m a t e r i a l  t h a t  
were present i n  the  unlabeled run. 
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There a r e  two small s i gna ls  a t  32.5-33 ppm and a t  36 ppm i n  t h e  
l a b e l e d  asphal tene spectrum. These are  due t o  small amounts o f  attachment o f  
t h e  hydroaromatic r i n g  t o  the  asphaltenes. The hydroaromatic r i n g  i s  not 
a t tached a t  t he  l a b e l e d  p o s i t i o n .  Otherwise, a s igna l  would be present a t  
e i t h e r  37.2 ppm o r  48 ppm f o r  an a l k y l  o r  a r y l  aromatic attachment, 
respec t i ve l y .  The t e t r a l i n  i s  probably at tached a t  t h e  p o s i t i o n  alpha t o  t h e  
l a b e l .  Attachment a t  t h i s  p o s i t i o n  would move t h e  chemical s h i f t  o f  t h e  
l abe led  carbon t o  33.9 f o r  attachment through an a l k y l  subs t i t uen t  o r  36.9 ppm 
f o r  attachment th rough an aromatic subs t i t uen t .  Both the  p o s i t i o n s  a and p t o  
t h e  labe led  carbon should be s u b s t i t u t e d  t o  t h e  same ex ten t .  However, some 
types  o f  s u b s t i t u t i o n  a t  t h e  p p o s i t i o n  would s h i f t  t he  s igna l  under s igna ls  
p resent  f rom long  a l k y l  chain ma te r ia l  and hence would not be seen. 

I n  a d d i t i o n  t o  the  a l i p h a t i c  s igna ls ,  t he re  a re  several  sharp 
s i g n a l s  p resent  i n  t h e  aromat ic reg ion  a t  126.0, 127.7, and 128.3 ppm. These 
i n d i c a t e  t h a t  some o f  t h e  t e t r a l i n  has been converted t o  naphthalene. The 
unperturbed chemical s h i f t  o f  t he  l abe led  carbon would be a t  127.9 ppm. 
Attachment a t  t h e  l a b e l e d  carbon would move t h e  chemical s h i f t  i n t o  the  range 
o f  134-148 ppm. Since t h e r e  a re  no sharp s igna ls  i n  t h i s  region, t he  
naphthalene must no t  be adducted a t  t h i s  p o s i t i o n .  Attachment o r t h o  t o  the  
l a b e l  would move t h e  chemical s h i f t  o f  t he  l abe led  carbon u p f i e l d  i n t o  the  
reg ion  o f  124.8-128.8 ppm. The s igna l  a t  126.0 ppm can be due t o  a l k y l  
attachment a t  t h i s  p o s i t i o n .  Attachment a t  t h e  p o s i t i o n  meta t o  the  l abe l  
moves the s igna l  on l y  s l i g h t l y  f o r  a l k y l  attachments bu t  down t o  128.3 ppm f o r  
an a r y l  subs t i t uen t .  There i s  a s igna l  a t  128.3 ppm which may be due t o  
aromatic attachment of naphthalene t o  asphal tenes a t  t he  3-posi t ion.  
Attachment para t o  t h e  l a b e l  would move the  l abe led  carbon s igna l  u p f i e l d  i n t o  
t h e  reg ion  o f  125.0-125.5 ppm or  126.9 f o r  an a l k y l  o r  a r y l  attachment, 
respec t i ve l y .  Since no attachment was seen a t  t h e  l abe led  p o s i t i o n ,  it i s  
u n l i k e l y  t h a t  t h e r e  w i l l  be any attachment a t  t h e  p o s i t i o n  para t o  it. 

Attachment i n  t h e  r i n g  w i thou t  t he  l abe led  carbon w i l l  no t  s i g n i f i -  
c a n t l y  p e r t u r b  t h e  chemical s h i f t  o f  t he  l abe led  carbon. The s igna l  a t  
127.7 ppm i s  due t o  unperturbed labe l  i n d i c a t i n g  attachment t o  t h e  unlabeled 
r i n g .  

Adduction o f  Mes i ty lene 

Asphaltene F r a c t i o n  

The l3C NMR spectrum o f  asphal tenes recovered from t h e  run w i th  
unlabeled mes i ty lene shows an a romat i c i t y  o f  88.5%. The sharpest s igna l  i n  
t h e  spectrum i s  a t  29.0 ppm. The spectrum o f  t he  asphal tene f r a c t i o n  obtained 
from the  run  w i t h  1% l abe led  mesi ty lene has an a r o m a t i c i t y  of 75.9%. The 
decrease i n  a r o m a t i c i t y  i s  due t o  an inc rease i n  a l i p h a t i c  s t r u c t u r e  which 
comes from t h e  I3C l a b e l  on one o f  t he  methyls of mesi ty lene. 

The a l i p h a t i c  reg ion  o f  t h e  spectrum has two sharp s igna ls  a t  
29.4 ppm and 21.1 ppm. The s igna l  a t  21.1 ppm i s  due t o  t h e  l abe led  methyl 
group on mes i ty lene.  Adduction o f  mes i ty lene has no t  taken p lace  through t h i s  
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methyl group s ince  i t s  o r i g i n a l  chemical s h i f t  o f  21.0 ppm i s  no t  s i g n i f i -  
c a n t l y  perturbed. Had adduct ion occurred through t h i s  methyl group, t h e  
chemical s h i f t  would move t o  42 ppm i f  t h e  a t tached group were aromat ic,  
29-36 ppm i f  the  at tached group were an a l k y l  chain, and 43-48 pprn if more 
than one a l k y l  group were at tached. Adduction o f  t h e  mes i ty lene on t h e  
aromat ic carbon o r tho  be t h e  l abe led  methyl group by an a l k y l  group would move 
t h e  chemical s h i f t  o f  t h e  l abe led  methyl group u p f i e l d  by 2-3 ppm. Adduction 
a t  t h e  aromatic carbon para t o  t h e  labe led  methyl group would have l i t t l e  
e f fec t  on t h e  chemical s h i f t  o f  t h e  l abe led  methyl group. S i m i l a r l y ,  
adduct ion through one o f  t he  meta methyl groups would have l i t t l e  e f f e c t  on 
t h e  chemical s h i f t  o f  t h e  l abe led  methyl group. It, there fore ,  appears t h a t  
t he  mes i ty lene has been adducted through e i t h e r  t h e  unlabeled methyl groups or  
t h e  aromatic carbon para t o  t h e  l abe led  methyl group. 

Preasphaltene F r a c t i o n  

The 13C NMR spectrum o f  t h i s  f r a c t i o n  obtained from t h e  run  w i t h  
unlabeled mesi ty lene shows an a r o m a t i c i t y  o f  84.7%. The most de f i ned  s igna l  
i n  t h e  spectrum i s  a t  29.6 ppm. The spectrum of t h e  preasphal tene from t h e  
run w i t h  1% l abe led  mes i ty lene has an a r o m a t i c i t y  of  81.0%. This  decrease 
again i s  due t o  i nco rpo ra t i on  o f  t he  l abe led  methyl group from mes i ty lene.  
The most predominant s igna ls  i n  t h e  spectrum a re  a t  29.7 ppm and 21.5 ppm, t h e  
l a t t e r  due t o  t h e  l abe led  methyl group of  mesi ty lene. It again appears t h a t  
t h e  mesi ty lene i s  no t  adducted through t h e  l abe led  methyl group no r  through 
t h e  aromat ic carbon o r tho  t o  t h e  methyl group. 

Adduction o f  Octahydrophenanthrene 

Preasphal tene Run 

The a r o m a t i c i t y  o f  t h e  preasphal tenes obtained from t h e  run  made 
w i thou t  t h e  l abe led  octahydrophenanthrene was 75.3%. The on ly  sharp s igna l  i n  
t h e  spectrum was a t  29.6 pm. The a r o m a t i c i t y  of t h e  preasphal tenes ob ta ined 
from t h e  run made w i t h  l f C  l abe led  octahydrophenanthrene was 77%. There a re  
two sharp s igna ls  i n  t h e  spectrum o f  t h e  f rac t i on .  The s igna l  a t  128.4 ppm i s  
t h e  unperturbed chemical s h i f t  o f  carbon 1 i n  phenanthrene. This i n d i c a t e s  
t h a t  a t  l e a s t  some of t h e  adducted octahydrophenanthrene has been dehydro- 
genated t o  phenanthrene. The p o i n t  o f  attachment o f  t h e  phenanthrene t o  t h e  
preasphaltenes i s  no t  on t h e  l abe led  carbon. Such attachment would move t h e  
chemical s h i f t  i n t o  the  reg ion  o f  137.6-150.7 ppm, depending on t h e  na ture  o f  
a t tached groups. It a l s o  i s  no t  at tached a t  t h e  carbon para t o  t h e  l a b e l  
which moves t h e  s igna l  t o  119.5-120 ppm fo r  an a l k y l  attachment and 127.3 ppm 
f o r  an aromatic attachment. Attachment of t h e  phenanthrene a t  t h e  r i n g  
p o s i t i o n  o r tho  t o  t h e  l a b e l  by some groups, some types o f  a l k y l  attachments, 
attachment a t  t h e  p o s i t i o n  meta t o  t h e  l a b e l ,  and attachment a t  one o f  t h e  
unlabeled r i ngs  w i l l  not  be seen i n  t h e  chemical s h i f t  p o s i t i o n  o f  t h e  l abe led  
carbon. Since t h e  sharp s igna l  i s  i n  a v i r t u a l l y  unperturbed p o s i t i o n ,  t h e  
phenanthrene must be adducted a t  one o f  t h e  un labe led  r i ngs  or  a t  t h e  p o s i t i o n  
o r tho  or  meta t o  t h e  l abe led  carbon. 

Some phenanthrene i s  a l s o  a t tached as octahydrophenanthrene. There 
are  sharp s igna ls  a t  29.6 ppm i n  bo th  t h e  un labe led  and l a b e l e d  runs. 
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However, i n  t h e  l a b e l e d  run, t h e  r a t i o  of aromat ic carbon area, cor rec ted  f o r  
t he  sharp s igna l  a t  128.4 ppm t o  t h e  area o f  t h e  s igna l  a t  29.6 ppm i s  l ess  by 
a f a c t o r  o f  7 than t h e  same r a t i o  i n  t h e  unlabeled run. This i n d i c a t e s  t h a t  
t h e r e  i s  s u b s t a n t i a l l y  more area i n  t h i s  reg ion  i n  t h e  l abe led  run. The 
chemical. s h i f t  o f  t h e  l abe led  carbon i n  octahydrophenanthrene i s  30.3 ppm, 
which could over lap  w i t h  t h e  s igna l  a t  29.6 ppm under cond i t i ons  where 
Cr(aCaC)3 i s  added t o  the  spectrum. I n  fac t ,  t h e r e  appears t o  be a downf ie ld 
shoulder on t h e  peak a t  29.6 ppm i n  t h e  l abe led  run. This i n d i c a t e s  t h a t  
t h e r e  i s  some l a b e l e d  octahydrophenanthrene adducted. The f a c t  t h a t  t h e  
chemical s h i f t  of t h e  l abe led  carbon i s  not moved s u b s t a n t i a l l y  from i t s  
unadducted p o s i t i o n  i n d i c a t e s  t h a t  i t  i s  adducted a t  e i t h e r  o f  t h e  two 
aromatic r i n g s  or a t  t h e  y a l i p h a t i c  carbon i n  t h e  sa tura ted  r i n g .  By analogy 
w i th  t e t r a l i n ,  i f  it were a t tached a t  t h e  l abe led  carbon, t h e  chemical s h i f t  
would be a t  38.4 ppm. I f  i t  were a t tached a t  t h e  a l i p h a t i c  carbon a o r  p t o  
t h e  labe led  carbon, t h e  chemical s h i f t  of  t h e  l abe led  carbon would be 34.3 pprn 
or  26.8 ppm, respec t i ve l y .  Attachment i n  t h e  y p o s i t i o n  would no t  p e r t u r b  t h e  
chemical s h i f t  o f  t h e  l abe led  carbon. Since t h e  chemical s h i f t  i s  v i r t u a l l y  
unperturbed, t h e  p o i n t  o f  attachment must be a t  t h e  y a l i p h a t i c  carbon or  on 
t h e  two aromat ic r i n g s .  

CONCLUSIONS 

Adduction of  donor so lvents  occurs du r ing  eas tern  sha le  con- 
version. T e t r a l i n  i s  adducted as t e t r a l i n ,  naphthalene, and isomerized 
t e t r a l i n .  Mes i ty lene i s  adducted th rough t h e  aromat ic r i n g  o r  unlabeled 
methyl groups r a t h e r  than t h e  l abe led  methyl group. Octahydrophenanthrene i s  
adducted bo th  as octahydrophenanthrene and phenanthrene. 
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Table 1 

13C NMR Ana lys is  of Naphtha1 ene/Tet ra l  i n  
Adduction i n  Pentane Solubles 

Shale Derived Mater i  a1 

Adducted T e t r a l i n  
a t  a p o s i t i o n  by aromatics 
a t  a p o s i t i o n  by a l k y l s  
not i n  a l i p h a t i c  r i n g  

Adducted n-Butyl  Benzene 

Adducted Methyl IndanelMethyl Propyl Benzene 

Adducted Naphthalene 
a t  a p o s i t i o n  by aromatics 
a t  para p o s i t i o n  w i t h  a l k y l  and methyl 
a t  a p o s i t i o n  by methyl 
a t  m p o s i t i o n  o r  i n  unlabeled r i n g  
a t  a by sho r t  a1 k y l  w i t h  para a l k y l  
0 t o  l a b e l  by aromat ics 

81.6% 

9.6% 
1.6% 
1.4% 
6.6% 

1.0% 

1 .O% 

6.8% 
0.7% 
0.3% 
0.2% 
4.7% 
0.3% 
0.5% 

J 
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FIGURE 1. 1% LABELED ('1 COMPOUNDS USED IN ADDUCTION STUDY 
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FIGURE 2. POSSIBLE FATES OF TETRALIN DURING ADDUCTION 
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INTRODUCTION 

I n  depth c h a r a c t e r i z a t i o n  of syn fue ls  requ i res  t h e  combinat ion o f  several 
a n a l y t i c a l  t o o l s  and approaches. Th is  requirement i s  due bo th  t o  the 
complex i ty  o f  t h e  m a t e r i a l s  t o  be analyzed and t o  t h e  i n fo rma t ion  conten t  t h a t  
i s  des i rab le  t o  ob ta in  on semi-rout ine,  research t y p e  samples. 

Synfuels genera l l y  con ta in  a l a r g e  v a r i e t y  of hydrocarbons, i n c l u d i n g  
para f f ins ,  c y c l o p a r a f f i n s ,  a l i p h a t i c  and aromat ic o l e f i n s ,  one t o  e i g h t - r i n g  
aromatics, and t h e  corresponding aromat ic furans, aromat ic thiophenes, 
hydroxy-aromatics, d i  hydroxy-aromatics, a romat ic  py r ro les  and aromatic 
py r i d i nes . Minor amounts o f  p o l y f u n c t i o n a l  components, such as 
thiophenofurans, hydroxy-ni t rogen compounds, etc., are a l s o  present,  as we l l  
as ketones, aldehydes, acids, amides, n i t r i l e s  and d i n i t r o g e n  compounds. 
A l k y l  s u b s t i t u t i o n  of t he  above can range from zero t o  up t o  50 carbon 
atoms. A l l  considered, a t y p i c a l  syn fue l  sample conta ins  as many as 1000 t o  
3000 carbon number homologs and many more p o s i t i o n a l  isomers. 

I n  our Labora tor ies ,  t h e  i n fo rma t ion  conten t  requ i red  i n  general inc ludes  a t  
l e a s t  t h e  i d e n t i f i c a t i o n  and de terminat ion  o f  most carbon number homologs, 
t h a t  i s  most d i s c r e e t  formulas, and as many i n d i v i d u a l  isomers as can be 
separated by gas chromatography (GC) or gas chromatographylmass spectrometry 
(GC/MS). These are numerous, i n  p a r t i c u l a r  i n  t h e  lower b o i l i n g  ranges up t o  
about C I 2 ,  where t h e  number o f  isomers i s  s u f f i c i e n t l y  smal l  t o  be resolved by 
cap i  1 l a r y  column GC. 

This p resen ta t i on  dea ls  w i t h  t h e  methodology developed a t  our l a b o r a t o r i e s  f o r  
t h e  d e t a i l e d  c h a r a c t e r i z a t i o n  o f  syn fue ls .  Th is  methodology w i l l  be 
i l l u s t r a t e d  w i th  examples taken from t h e  d e t a i l e d  ana lys i s  o f  a standard 
Colorado shale o i l  purchased from the  Nat iona l  Bureau o f  Standards (SRM 
1580). Issues discussed w i l l  i nc lude  separa t ion  procedures and t h e  ana lys is  
of t h e  separated f r a c t i o n s  by h igh  and low r e s o l u t i o n  mass spectrometry (HRMS 
and LRMS), GC/MS, nuc lea r  magnetic resonance (NMH) and o t h e r  methods. 

DISCUSSION 

A. Overa l l  Procedure 

The a n a l y t i c a l  scheme devised fo r  t h e  c h a r a c t e r i z a t i o n  o f  complex synfuels 
t h a t  i nc lude  s i g n i f i c a n t  amounts o f  non-hydrocarbons cons is t s  e s s e n t i a l l y  o f  a 
separa t ion  s tep  fo l lowed by ex tens ive  ins t rumenta l  ana lys i s  o f  t h e  separated 
f rac t i ons .  A schematic o f  the procedure i s  g iven  i n  F igure  1. 
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The ex tens ive  separa t ion  steps used y i e l d  impor tan t  i n f o r m a t i o n  on the  
chemical c lasses o f  components present, e n r i c h  t r a c e  components, f a c i l i t a t e  
subsequent ins t rumenta l  analyses by g r e a t l y  s i m p l i f y i n g  t h e  samples t o  be 
analyzed, and e l i m i n a t e  many u n c e r t a i n t i e s  r e l a t e d  t o  composi t ion as the  
presence o f  a given component i n  one o r  t h e  o t h e r  f r a c t i o n  i s  a c lue  t o  i t s  
i d e n t i f i c a t i o n .  For example, h igh  r e s o l u t i o n  6 can no t  determine i n  complex 
m ix tu res  whether a component whose formula con ta ins  one oxygen atom i s  
aromat ic fu ran  o r  a hydroxy-aromatic; but t he  component can be s a f e l y  assigned 
a fu ran ic  o r  a hydroxy-aromatic s t r u c t u r e  accord ing  t o  whether i t  occurs i n  a 
neu t ra l  aromat ic o r  i n  an a c i d i c  f r a c t i o n .  The number o f  f r a c t i o n s  separated 
depends on t h e  amount o f  i n fo rma t ion  des i red ;  and v a r i e s  from th ree  
(sa tura tes ,  aromatics, po la rs )  t o  twelve,  as discussed i n  t h i s  p resenta t ion .  
Unseparated ma te r ia l s  can a l s o  be analyzed; t h e  l o s s  o f  i n f o r m a t i o n  conten t  i s  
compensated by the  f a s t e r  response t ime and lower  a n a l y t i c a l  expendi ture.  
Furthermore, composi t ion u n c e r t a i n t i e s  can be reso lved reasonably we l l  i n  many 
such cases by us ing  assumptions based on i n fo rma t ion  ob ta ined from separated 
samples. 

Ins t rumenta l  t o o l s  used r i n  de t h  ana lys i s  o f  t he  f r a c t i o n s  i n c l u d e  h igh  
r e s o l u t i o n  Ms, GC/MS, " C  and ' t i  NMR, GC d i s t i l l a t i o n s  and elemental 
analyses. Data from these analyses are i n t e g r a t e d  t o  p rov ide  t h e  user w i t h  a 
mu l t i - f ace ted  i n s i g h t  i n t o  t h e  o v e r a l l  composition. 

B. Separat ions 

The separa t ion  scheme used f o r  the  NBS shale o i l  i s  shown i n  F igu re  2. I t i s  
based l a r g e l y  on procedures developed a t  t he  Laramie Energy Technology Center 
o f  t h e  Department o f  Energy, now Western Research I n s t i t u t e .  Genera l l y ,  the 
procedure y i e l d s  sharp f r a c t i o n s ,  a l though over laps  e x i s t ,  i n  p a r t i c u l a r  
between some o f  t he  aromat ic and t h e  lower p o l a r i t y  "po la r "  f r a c t i o n s ,  such as 
t h e  "neu t ra l  po la rs" .  As w i l l  be shown below, most o f  t he  over laps  can be 
co r rec ted  by the  subsequent ins t rumenta l  analyses o f  t h e  f r a c t i o n s .  I n  fac t ,  
i f ,  as mentioned above, separat ions improve the  o v e r a l l  c h a r a c t e r i z a t i o n ,  one 
can a l s o  s t a t e  t h a t  t h e  cha rac te r i za t i on  steps can improve t h e  q u a l i t y  o f  the  
separat ions by c o r r e c t i n g  f o r  separat ion over laps.  Both a n a l y t i c a l  steps are  
necessary f o r  i n  depth understanding. 

Another advantage o f  t he  above separa t ion  scheme i s  t h a t  i t  i s o l a t e s  some 
components t h a t  a re  no t  genera l l y  detected by h i g h  reso lu t i on ,  low vo l tage 
mass spectrometry and t h a t  would be very d i f f i c u l t  t o  de tec t  by GC/MS i n  very 
complex mixtures.  These a re  mainly the  a l i p h a t i c  ketones and n i t r i l e s  t h a t  
a r e  found i n  the  neu t ra l  po la rs ,  weak acids, and weak bases. 

Q u a n t i t a t i v e  data on the  f r a c t i o n s  separated from the  NBS shale o i l  are given 
i n  Table I .  Major components a r e  sa tura tes  and o l e f i n s  (most ly  l i n e a r ) ,  
s t rong  bases, neu t ra l  po la rs  and t h e  1 - r i ng  aromatics. Loss was on ly  about 9 
percent,  a small amount cons ider ing  t h a t  t h e  sample conta ined s i g n i f i c a n t  
concent ra t ions  o f  r e l a t i v e l y  l ow-bo i l i ng  m a t e r i a l s  i n  t h e  C8-C12 range. 

The a l i p h a t i c  f r a c t i o n  was separated f u r t h e r  i n t o  sa tura tes  and o l e f i n s .  
Al though t h e  p u r i t y  o f  t h e  f r a c t i o n s  was high, recovery was low. For  t h i s  
reason, q u a n t i t a t i v e  data were obtained on t o t a l  a l i p h a t i c s .  
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C. Ins t rumenta l  Ana lys is  

The a l '  h a t i c  r a c t i o n s  were analyzed by low reso lu t i on ,  h igh vo l tage MS, 
GC/MS. % and 15C NMR . A l l  o the r  f r a c t i o n s  were analyzed by the  same methods, 
except t h a t  t h e  FIS analyses were ob ta ined i n  the  much more powerful  h igh  
reso lu t i on ,  low vo l tage  mode, ra the r  than under low reso lu t i on ,  h igh  vo l tage 
cond i t ions .  

The type of i n f o r m a t i o n  ava i l ab le  f rom t h e  above methods i s  summarized. 

LOW Reso lu t ion  H i  h Vo l ta  e MS: Concentrat ion o f  sa tu ra te  and aromat ic 
compound types '  (hoiologous ?series). I n  the  present  work, the  approach was 
used on ly  on t h e  a l i p h a t i c  f r a c t i o n .  A ma jor  disadvantage i s  t he  
impossi  b i  1 i t y  o f  d i  s t i  ngui  s h ing  c y c l o p a r a f f i n s  from o l e f i n s ,  d i c y c l o p a r a f f  i n s  
f rom c y c l i c  o l e f i n s  o r  d i o l e f i n s ,  etc., due t o  t h e  f a c t  t h a t  they  have the  
same general formulas. 

High Resolut ion,  Low Voltage MS: Concent ra t ion  o f  aromat ic and p o l a r  aromat ic 
carbon number homologs. The method can determine several  thousand components 
pe r  sample, i n c l u d i n g  hydrocarbons and heterocompounds and y i e l d s  both very 
d e t a i l e d  and summarized data. I t s  main disadvantage i s  t h a t  i t  cannot be 
appl  i ed t o  a1 i p ha t i c components . 
GC/MS: I d e n t i f i c a t i o n s  and semi-quanti t a t i  ve ana lys i  s o f  i n d i v i d u a l  
components --  u s u a l l y  several  isomers f o r  each carbon number homolog. 
App l i cab le  t o  bo th  aromat ic and a l i p h a t i c  components, bu t  l i m i t e d  by the  
r e s o l u t i o n  o f  t h e  GC and the  6, b o i l i n g  p o i n t  and the  u n a v a i l a b i l i t y  o f  
re fe rence spectra f o r  many o f  t he  components found i n  shale o i l s .  

13C and 'H NMR: Overa l l  sa tu ra te ,  o l e f i n i c  or aromatic character;  semi- 
q u a n t i t a t i v e  i n s i g h t  i n t o  average s t r u c t u r a l  features.  

D. Typ ica l  Resu l ts  

The major compound types  determined i n  the  var ious  f r a c t i o n s  a re  l i s t e d  i n  
Table 11. The wide v a r i e t y  i s  an i n d i c a t i o n  o f  t h e  complexi ty o f  t h e  shale 
o i  1 studied. Most o f  t he  hydrocarbons, furans, thiophenes, hydroxy-aromatics 
and aromat ic n i t r o g e n  types were de tec ted  bo th  by h igh  r e s o l u t i o n  FIS and 
GC/MS. Some o f  t h e  more condensed mate r ia l s  were determined on ly  by h igh  
r e s o l u t i o n  MS; converse ly  a l i p h a t i c  p o l a r  types such as ketones and n i t r i l e s  
were seen on ly  by t h e  GC/MS as these ma te r ia l s  genera l l y  do no t  g i ve  
s i g n i f i c a n t  mo lecu la r  i ons  a t  low vol tages. 

A summary o f  t h e  h igh  r e s o l u t i o n  MS analyses o f  t h e  f r a c t i o n s  i s  g iven  i n  
Tables 111-V. Most o f  the  data i s  se l f -exp lanatory ;  several  comments are, 
however, i n  order. 

Overa l l  condensat ion i s  low; most o f  the  components a re  e i t h e r  l i n e a r ,  or 
con ta in  one o r  two aromatic or  p o l a r  aromat ic r ings .  

0 Separation i s  r a t h e r  sharp i n  most o f  the  f r a c t i o n s ;  i n c l u d i n g  the  
aromat ic sub- f rac t ions .  Aromatic over laps found ma in l y  i n  the  " less  
p o l a r "  p o l a r  f r a c t i o n s ,  such as the  weak bases and t h e  neu t ra l  po la rs ,  
and these aromat ics  a re  the  most condensed types, t h a t  indeed possess 
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some p o l a r  (bas i c )  character.  As most o f  t h e  a l i p h a t i c  p o l a r s  no t  seen 
by h igh  r e s o l u t i o n  MS are concentrated i n  these same f r a c t i o n s ,  they  are 
probab ly  more enr iched i n  p o l a r  components than i n d i c a t e d  by the  high 
r e s o l u t i o n  MS data. 

0 Asphaltenes con ta in  a very l a r g e  amount o f  n o n - v o l a t i l e  components. We 
a r e  now developing q u a n t i t a t i v e  methods f o r  de termin ing  a t  l e a s t  the  
molecu la r  weight d i s t r i b u t i o n  o f  t h i s  type  o f  m a t e r i a l s  i n  t h e  500-3000+ 
molecu la r  weight range us ing  f i e l d  deso rp t i on  mass spectrometry.  

Selected NMR parameters o f  t he  f r a c t i o n s  are  shown i n  Table V I .  Aromatic 
charac ter  increases, as expected, w i t h  nominal condensation, i n  good agreement 
w i t h  t h e  MS data. Frac t ions  t h a t  con ta in  a l i p h a t i c  po la rs ,  such as the 
neu t ra l  po la rs  and t h e  bases have lower a r o m a t i c i t y ,  as expected. I n  general, 
t he  NMH analyses conf i rm the  e f f i c i e n c y  o f  t he  separat ions.  The consistency 
o f  t he  NMR c h a r a c t e r i z a t i o n  i s  ev ident  f rom the  very good agreement between 
the  exper imental  da ta  obtained on t h e  t o t a l  sample be fore  t h e  separa t ion  and 
the  composite values ca l cu la ted  from the  eleven f r a c t i o n s  analyzed separa te ly  
(Table V I I ) .  

The GC/MS procedure i s  i l l u s t r a t e d  by p a r t i a l  chromatograms o f  t h e  a l i p h a t i c  
( sa tu ra tes  p lus  o l e f i n s )  and the neu t ra l  p o l a r  f r a c t i o n  t h a t  con ta ins  n i t r i l e s  
and ketones (F igures  3, 4 ) .  The composi t ion p a t t e r n  shown repeats i t s e l f  i n  
the h igher  carbon number range, up t o  about C25-C30. 

The i d e a l  a n a l y t i c a l  approach i n  t h i s  type  o f  e f f o r t  i s  t he  i n t e g r a t i o n  o f  a l l  
t he  a n a l y t i c a l  data. This i s  i m p l i c i t  i n  t he  da ta  repor ted  i n  the  previous 
sec t ions .  A more e x p l i c i t  procedure i s  t o  i d e n t i f y  as many i n d i v i d u a l  isomers 
o f  a g iven  carbon number homolog, say Cl0 benzenes o r  C7  py r id ines ,  as 
p o s s i b l e  by GC/MS and then t o  normal ize t h i s  da ta  t o  the  t o t a l  concent ra t ion  
o f  t h e  homolog as determined by h igh  r e s o l u t i o n  MS, us ing  these powerful 
techniques i n  a complementary way. The v a l i d i t y  o f  t he  approach i s  confirmed 
by the  da ta  i n  Table V I 1 1  t h a t  shows good agreement between q u a n t i t a t i v e  HRMS 
da ta  on the  t o t a l  carbon number homologs and t h e  sums o f  t h e  corresponding 
isomers as determined by GC/MS. One can thus  assume t h a t  i f  the  high 
r e s o l u t i o n  MS data on a given carbon number homolog show much h igher  values 
than t h e  corresponding sums o f  t h e  isomers found by GC/MS, t h e  dev ia t i on  i s  
due t o  isomers not de tec ted  by GC/MS. 

CONCLUSION 

The data repor ted  i n  t h i s  work show t h a t  very  complex mix tu res ,  such as 
synfuels,  can be charac ter ized  accura te ly  and i n  g rea t  d e t a i l  by a combination 
o f  a n a l y t i c a l  techniques. This n u l t i t e c h n i q u e  approach i s  e s s e n t i a l  f o r  any 
i n  depth understanding o f  t he  composi t ion o f  these ma te r ia l s .  Much more work 
i s  needed t o  cor robora te  and t o  extend t h e  i n fo rma t ion  gathered i n  t h i s  work 
but we be l i eve  we have the  means t o  do so. 
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Table I 

NBS SRh 1580 SHALE OIL PREP LC DATA 

F r a c t i o n  

Asphaltenes 

Weak Acids 

Strong Acids 

Weak Bases 

St rong Bases 

Saturates + Nonaromatic O l e f i n s  

1-Ring Aromatics 

1-2 Wing Aromatics 

2-3 Wing Aromatics 

3+ Ring Aromatics 

Neut ra l  Polars  

Hold-Up 8 Losses 

Tota l  

126 

Weight Percent 

1.60% 

5.0oX 

O."S% 

1.84% 

15.43% 

34.05% 

8.10% 

5.05% 

1.84% 

0.89% 

16.46% 

9.28% 

100.00% 



1. 

2. 

3. 

4. 

5. 

6. 

Table I 1  

MJOR COMPOUND TYPES I N  NBS SHALE O I L S  FRACTIONS 

Satura te  F rac t i on  
n -Para f f i ns  
Isopreno id  P a r a f f i n s  
Cyc lopa ra f f i ns  

O l e f i n  F r a c t i o n  
Alpha O le f i ns  
I n t e r n a l  O l e f i n s  

" 1- R i  ng Aromat i c"  F rac t  i on 
Benzenes 
Styrenes 
Indans /Te t ra l i ns  
Thiophenes 

7. 

8. 

9. 

"2 - R i n g Aroma t i c ' I  F r a c t i on 

Indenes 
Naphthalenes 
Biphenyls 
Acenaphthenes 

Benzofurans 

l ndans  , Tetra1 i ns 10. 

Benzothiophenes 11. 

"3-Ring Aromat ic"  F rac t i on  
Naphtha 1 enes 
B i  p heny 1 s 
F1 uorenes 
Phenanthrenes 
Pyrenes 

"3+Ri ng Aromat ic"  F rac t i on  
Phenanthrenes 
C h ry  senes 
Benzoanthracenes 

12. 

Neutral  Po la r  F r a c t i o n  
l i n e a r  C y c l i c  Ketones 
A l i p h a t i c  8 N i t r i l e s  
Benzon i t r i l es / Indo les  

Weak Ac id  F r a c t i o n  
Phenols 
Carbazoles 
Py r ro 1 e s 
A l i p h a t i c  N i t r i l e s  

Strong Acid F r a c t i o n  
Phenols 
Hydroxy- IndanslTetral ins 
Carbazoles 

Weak Base F r a c t i o n  
N i  t r i  l e s  
2-Ketones 
Acetophenones 

Strong Base F r a c t i o n  
Pyri  d i  nes 
Oui no1 i nes 
Tet rahydroqu ino l ines  
Tetrahydrocarbazoles 

m e s  
1-3 Ring N i t rogen Compounds 

1 2 7  



Table I 1 1  

SUMMRY COMPOSITION OF NEUTRAL FRACTIONS AS DETERMINE0 BY 
HIGH AN0 LOW RESOLUTION hS 

Component Type 

A l i p h a t i c s  

Aromatic Hydrocarbons 
1 Ring 
2 Ring 
3 Ring 
4 Ring 
5 tR i  ng 

1 King 
2 Ring 
3 tR ing  

1 Ring 
2 Ring 
3 Ring 
4 t K i  ng 

Aromatic Thiophenes 

Aromatic Furans 

Aromatic D i fu rans  

N i t rogen Cpds. 

Residue 

Weight Percent 1 

A1 i p h a t i  cs 

95.6 

4.4 
4.4 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0 .o 
0.0 

0.0 

0.0 

0.0 

- 

A romat i cs 
1 Ring 2 Ring 3 Ring 4 R i n g  

0.0 

82.2 
73.1 

9.2 
0.0 
0.0 
0.0 

17.5 
15.5 
2.0 
0.0 

0.3 
K-3 
0.0 
0.0 
0.0 

0.0 

0.0 

0.0 

- 

0.0 

87.0 
16.8 
62.3 

6.9 
0.9 
0.1 

7.4 
0.2 
6.3 
0.9 

4 .O 
2-3 
1.6 
0.1 
0.0 

0.0 

1.6 

0.0 

- 

- 

0.0 

83.6 
1.4 

29.1 
42.9 

9.6 
0.6 

7.1 
1.4 
5.6 
0.1 

5.7 n 
3.4 
0.7 
0.6 

0.3 

3.3 

0.0 

- 

- 

- 

- 

0.0 

78.7 
3.1 

12.1 
38.0 
24.9 
0.6 

8.8 
2.9 
2.9 
3.0 

- 

3.1 
0.0 
0.5 
1.1 
1.5 

1.5 - 
6.3 - 
1.6 

, 
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I t 
Table I V  

L SUMMRY COMPOSIT ION OF POLAR FRACTIONS AS DETERMINED BY HIGH RESOLUTION MS 

Component Type 

Mono-Oxygen Cpds. 
(mostly hydroxy- 

aromat ics)  
1 Ring 
2 Ring 
3 Ring 
4+Hi ng 

D i  -Oxygen Cpds. 
(most ly  d i  hydroxy- 

aroma t i cs ) 
1 Ring 
2+Hing 

1 Ring 
2 Ring 
3 Ring 
4+Ring 

1 Ring 
2 Ring 
3+Ring 

Ni t rogen Cpds. 

Nitrogen-Oxygen Cpds. 

Misc. N. Compounds 

Aromatic Hydrocarbons 
1-3 Ring 
4-6 Ring 

Thiophenes 

Furans 

Residue 

Weight Percent 
Neutra l  Weak Strona Weak Strona 
Polars 

11.9 - 

9.2 
1.4 
0.8 
0.5 

0.0 - 

0.0 
0.0 

57.1 
2.2 

37.4 
15.5 
2.0 

0.7 
a;r 
0.3 
0.3 

0.4 

22.0 ars 
15.5 

0.3 

0.0 

7.6 

- 

- 
- 
- 

Acids Acids- -- 
15.2 

11.7 
2.1 
0.6 
0.8 

2.5 - 

1.7 
0.8 

54 .O 
5.2 

25.0 
18.2 

5.6 

3.5 m 
1.4 
0.7 

3.0 

2.1 
-2TT 
0.5 

0.3 

0.0 

19.4 

- 

- 
- 
- 
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43.4 - 

35.6 
6.4 
1.3 
0.1 

6.0 - 

4.5 
1.5 

8.5 
0.3 
3.0 
4.6 
0.6 

10.4 
T3 

2.9 
0.6 

1.2 

0.5 n 
0.1 

0.2 

0.0 

29.8 

- 

- 

- 
- 
- 

Bases Bases Asphaltenes -- 
1.7 - - 4.1 0.2 

2.8 0.1 0.7 
1.1 0.1 0.8 
0.2 0.0 0.2 
0.0 0.0 t races  

0.6 - 0.0 0.0 - 

0.0 0.0 0.5 
0.0 0.0 0.1 

63.1 88.0 - 10.5 
4.3 45.3 1.9 
- -  
30.5 25.6 5.0 
22.6 13.5 3.0 

5.7 3.6 0.6 

4.9 0.4 1.4 
T;cim 014 
2.3 0.1 0.8 
1.6 0.2 0.2 

1 .o - 0.0 2.0 - 
7.0 1.9 0.3 
n T 7  n 
5.1 0.2 0.1 

0.2 0.0 Traces 

0.0 0.0 

- 
0.0 - - -  

20.6 7.5 - 84.5 - 



Table V 

SUMMARY COMPOSITION OF SHALE OIL AS CALCULATED FROM ANALYSES OF FRACTIONS 

Component 

A l i p h a t i c s  

Neutra l  Aromatics 

Hy;r;;;;bons 

2 Ring 
3 Hing 
4 Ring 
5+Ring 

Thiophenes 
1 Ring 
2 Hing 
3 Hing 
4+Ri ng 

Furans 
1 Hing 
2 Ring 
3 King 
4+Ri ng 

O i  furans 

W t .  Pct. 

32.53 

21.43 

18.98 
-TEE 

4.94 
2.01 
2.76 
0.41 

2.07 
1.33 
0.63 
0.10 
0.01 

0.36 
0.16 
0.14 
0.02 
0.04 

0.02 

- 
- 

- 

- 

- 

Component 

Polar  Aromatics 

Mono-Oxygen Cpds. 
1 Ring 
2 Ring 
3 Ring 
4+Ring 

1 Ring 
2 Ring 
3+Ring 

Di-Oxygen Cpds. 

Ni;r;q;ng Cpds. 

2 Ring 
3 Ring 
4+Ring 

1 Ring 
2 Ring 
3+Ri ng 

Nitrogen-Oxygen Cpds. 

Misc./Nitrogen Cpds. 

Residue 

Separation Loss 
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wt. Pct. 

31.49 

3.04 
2.35 
0.41 
0.17 
0.11 

0.16 
0.11 
0.04 
0.01 

27.23 7-n 
12.08 
6.12 
1.29 

0.51 m 
0.21 
0.15 

0.55 

5.27 

9.28 

- 

- 

- 
- 
- 



Table V I  

SELECTED NbR DATA ON FRACTIONS 

Mole Percent 

Carbon A1 i pha- Aromat i cs Neutral  
T y p e -  t i c s  King Po lars  Acids Bases Asphaltenes 1 Ring 2 King 3 

Aromatics 0.0 33.5 54.2 54.3 33.0 55.1 40.4 66.3 

01 e f  i n i c  2.3 1.4 0.0 0.0 0.0 0.0 0.0 0.0 

A l i p h a t i c  97.6 65.2 45.8 45.7 67.0 44.9 59.6 33.7 

Table VI1 

COMPARISON OF NMR DATA ON FRACTIONS AND TOTAL SAMPLE 

Carbon Type 

, Aromatic 

O l e f i n i c  

A l i p h a t i c  

Mole Percent 
Composite Ca lcu la ted  Exper imental  Value 

from Frac t ions  Found f o r  To ta l  Sample 

25.8 

1.0 

73.2 

27.2 

1.6 

71.2 
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Table VI11 

COMPARISON OF HIGH RESOLUTION Ms (HRMS) AND GC/Ms DATA 
ON SELECTED COMPONENTS IN VARIOUS FRACTIONS 

Concent ra t ion  , 
Components - HR-2 No. o f  Components , 

Alkylbenzenes, wt.  p c t .  

0.48 0.25 ‘8 

c9 1.27 1.42 

C10 6.06 6.61 

c11 7.02 6.34 

c12 2.90 2.53 

Phenols, ppm 

‘6 

c7  

‘8 

Pyr id ines ,  w t .  pc t .  

c5  
,. 

4.3 

28.4 

16.9 

0.10 

1.02 

0.69 

0.19 

8.0 

26.0 

17.8 

0.19 

1.11 

0.60 

0.10 
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WEATHERING EFFECTS ON YIELD AND COMPOSITION OF PYROLYTIC COAL TARS 

I 

I 
Emma Jakab, W i l l i am H. McClennen, Barbara Hoesterey, 

Henk L.C. Meuzelaar and George R. H i l l  

391 S. Chipeta Way, S u i t e  F, Research Park 
S a l t  Lake C i t y ,  Utah 84108 

U n i v e r s i t y  o f  Utah, B iomate r ia l s  P r o f i l i n g  Center 

INTRODUCTION 

Over the  past  few years the  main t h r u s t  o f  ou r  f o s s i l  f u e l s  research program a t  the 
U n i v e r s i t y  o f  Utah Biomater ia ls  P r o f i l i n g  Center has been t o  i n v e s t i g a t e  the  oxida- 
t i o n  ("weathering") behavior o f  coals  and coal  l i q u i d s .  
program are:  e l u c i d a t i o n  o f  r e l e v a n t  s t r u c t u r e l r e a c t i v i t y  r e l a t i o n s h i p s  and o f  
reg ress i ve  r e a c t i o n  mechanisms; determinat ion o f  the i n f l uence  o f  weathering on 
technologica l  p roper t i es  (e.g., caking, c a l o r i f i c  value, f l o t a b i l i  t y  and e x t r a c t i -  
b i l i t y  as we l l  as l i q u e f a c t i o n  and g a s i f i c a t i o n  behavior ) ;  and development of novel, 
r e l i a b l e  methods f o r  measuring the  "weathering index"  o f  coal  samples from a g iven 
seam o r  f i e l d .  

Our experimental approach has been p r i m a r i l y  based on a combination o f  conventional 
coal p y r o l y s i s  and c h a r a c t e r i z a t i o n  methods and more advanced inst rumenta l  techni -  
ques, such as p y r o l y s i s  mass spectrometry (Py-MS), thetmogravimetry (TG) and 1 i q u i d  
chromatography (LC), w i t h  soph is t i ca ted  numerical ana lys i s  methods, such as fac to r  
and d i sc r im inan t  ana lys i s  (1,2,3). 

I n  previous repo r t s  we have discussed our f i n d i n g s  w i t h  regard t o  weather ing e f f e c t s  
on s t r u c t u r e / r e a c t i v i t y  r e l a t i o n s h i p s  ( l ) ,  f r e e  swe l l i ng  index (1,2), c a l o r i f i c  
va lue (1,2), e x t r a c t a b i l i t y  (1.4) and tub ing  bomb reac to r  (TBR) conversion y i e l d s  
(1). 
and thus lend a d d i t i o n a l  suppor t  t o  - a "b ina ry "  coal s t r u c t u r e  model, r e c e n t l y  
proposed by Given ( 5 ) .  According t o  t h i s  model, most coals  con ta in  a s i zeab le  
f r a c t i o n  o f  "mobile phase" components, many o f  which are p h y s i c a l l y  t rapped i n  
c l a t h r a t e - l i k e  s t ruc tu res  formed by t h e  "network phase". From our weathering 
s tud ies on HVB Hiawatha coa l  we concluded t h a t  t he  main weathering e f f e c t  could be 
expla ined as a l oss  o f  mobi le  phase components through " g r a f t i n g "  onto the  network 
phase (1 ) .  

I n  t h i s  paper, we present the  r e s u l t s  o f  a s tudy on t h e  e f f e c t s  o f  weathering on 
p y r o l y t i c  t a r s  produced by a vacuum mic ropy ro l ys i s  technique (Cur ie -po in t  Py-MS) 
which can be used as a model system f o r  s h o r t  con tac t  t ime p y r o l y s i s  processes i n  
bench scale, as we l l  as p i l o t  p l a n t  sca le  reac to rs .  

EXPERIMENTAL 

Coal samples were obta ined from f r e s h  channel cuts  i n  the Hiawatha and A d a v i l l e  #6 
(Kemmerer f i e l d ,  Wyoming) seams as we l l  as from a recent, c a r e f u l l y  preserved, d r i l l  
core of t h e  Anderson seam (Powder R ive r  bas in,  Wyoming). A l l  samples were m i l l e d  t o  
4 0  mesh i n  n i t rogen  atmosphere. 
e t i c a l l y  closed g lass b o t t l e s  a t  -2OOC i n  t h e  dark. 
(Wasatch Plateau f i e l d ,  Utah) coal  t a r  sample was obta ined from a p i l o t  p l a n t  scale 
Wellman-Galusha g a s i f i e r  r u n  ( 3 )  and stored i n  tough f luorocarbon p l a s t i c  conta iners 
immersed i n  l i q u i d  n i t rogen.  

I n  t h e  l abo ra to ry  weathering experiments, 15-20 9 a l i q u o t s  o f  coals  were exposed t o  
a i r  a t  d i f f e r e n t  temperatures us ing  a s p e c i a l l y  const ructed bench sca le  weathering 
equipment described elsewhere (6 ) .  Weathering temperatures and t imes o f  t he  coals  

S p e c i f i c  o b j e c t i v e s  o f  t h i s  

I n  many instances, i n t e r p r e t a t i o n  o f  ou r  f i n d i n g s  appeared t o  b e n e f i t  from - 

Sample s torage took p lace under n i t r o g e n  i n  herm- 
A f r e s h  B l i n d  Canyon seam 
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s tud ied  are l i s t e d  i n  Table I .  Weathering of t he  coal t a r  took p lace i n  oxygen 
hea t ing  150-300 mg samples i n  sealed g lass v i a l s  a t  80°C f o r  64 hours. Contro l  coal 
and t a r  samples were exposed t o  n i t rogen  atmosphere under s i m i l a r  cond i t i ons  as the  
a i r  and oxygen weathered samples. 

Py ro l ys i s  experiments were performed us ing an Ext ranuclear  5000-1 Cur ie -po in t  Py-MS 
system ( 7 ) .  Twenty f i v e  pg coal samples were coated on fer romagnet ic  wi res from 
methanol o r  to luene suspensions. 
f o l l o w s :  heat ing r a t e  approx. lOO"C/s, end temperature 61OoC, t o t a l  heat ing t ime 
10 s, e lec t ron  energy 12 eV, masf range scanned m/z 20-260. 
p y r o l y s i s  spectra were obta ined under the  same cond i t i ons  by coa t ing  10 ug samples 
o n  t h e  wires from dichloromethane s o l u t i o n s .  
weathered Hiawatha coa ls  were obta ined by scanning 3-8 mass peaks dur ing each p y r o l -  
y s i s  experiment and reco rd ing  the  envelopes o f  t he  i o n  i n t e n s i t i e s .  

Computerized data analyses were performed on the  Py-MS data se ts  of f resh,  N2 
exposed and a i r l oxygen  weathered coal  and t a r  samples. Weathering-induced d i f f e r -  
ences were analyzed us ing  f a c t o r  and d i sc r im inan t  ana lys i s  methods (8,g). 

RESULTS AND DISCUSSION 

A systematic i n v e s t i g a t i o n  o f  t he  e f f e c t s  o f  coal weathering on the  y i e l d  and com- 
p o s i t i o n  o f  p y r o l y t i c  t a r s  requ i res  the a v a i l a b i l i t y  o f  s u i t a b l e  model systems fo r  
c o n t r o l l e d  weathering and p y r o l y s i s  o f  w e l l  de f i ned  coal samples. Bench scale 
equipment f o r  weathering coal  samples i n  c o n t r o l l e d  atmospheric environments has 
been described i n  p rev ious  r e p o r t s  (6, lO). 
equipment has been used w ide ly  t o  study coal  p y r o l y s i s  behavior and i s  repo r ted  t o  
p rov ide  a v a l i d  model f o r  p i l o t  p l a n t  sca le  coal  conversion processes (11). 

Un fo r tuna te l y ,  even TBR runs r e q u i r e  time-consuming equipment p repara t i on  and 
product  work-up steps. One o f  t he  l a r g e s t  TBR s tud ies  repor ted i n  the  l i t e r a t u r e ,  
i n v o l v i n g  104 U.S. coals ,  was c a r r i e d  ou t  by Given and co-workers (12) over a one 
year  per iod.  The s i z e  o f  t h e  s tudy was d i c t a t e d  by the need t o  perform a thorough 
s t a t i s t i c a l  ana lys i s  o f  t h e  r e l a t i o n s h i p s  between coal c h a r a c t e r i s t i c s  and coal 
y i e l d .  I n  con t ras t ,  a vacuum mic ropy ro l ys i s  study o f  102 U.S. coals  by means of 
Cur ie-point  Py-MS, as repo r ted  by Meuzelaar e t  aZ. (13), was c a r r i e d  out  i n  on l y  two 
weeks wh i l e  i n c l u d i n g  quadrup l i ca te  runs o f  each sample t o  f u r t h e r  enhance s t a t i s -  
t i c a l  ana lys i s  p o s s i b i l i t i e s .  

Moreover, several o t h e r  s tud ies  have prov ided s t rong  i n d i c a t i o n s  t h a t  Cur ie-point  
Py-MS can be used as a v a l i d  model f o r  s h o r t  con tac t  t ime p y r o l y s i s  processes i n  TBR 
systems. 
r a p i d  heat ing TBR system has been shown t o  be comparable t o  t h a t  o f  coal pyro lyzates 
obta ined by d i r e c t  Py-MS (1). Moreover, p y r o l y s i s  t a r  from a p i l o t  p l a n t  sca le  
Wellman Galusha f i x e d  bed r e a c t o r  (F igu re  l a )  can be seen t o  be q u i t e  s i m i l a r  t o  a 
Cur ie-point  py ro l yza te  ( F i g u r e  l b )  when a l l ow ing  f o r  t he  l o s s  o f  gaseous products 
d u r i n g  c o l l e c t i o n  o f  t he  Wellman-Galusha t a r .  More r e c e n t l y ,  a systematic Py-MS 
study of 47 U.S.  coals ,  c a r r i e d  o u t  by Voorhees and co-workers (14), has f u r t h e r  
demonstrated the v a l i d i t y  o f  Cur ie-point  Py-MS as a coal p y r o l y s i s  model capable of 
P red ic t i ng  t a r  y i s ld :  iii TBR experiments as w e l l  as i n  l a r g e r  sca le  p y r o l y s i s  r e -  
t o r t s .  

Examples of t he  use o f  t h e  Cur ie -po in t  Py-MS technique t o  study the composit ion of 
P y r o l y t i c  coal  t a r s  from t h r e e  Western coals ,  a Hiawatha h igh  v o l a t i l e  A bituminous 
coa l ,  an A d a v i l l e  #6 subbituminous coal  and an Anderson seam l i g n i t e ,  are shown i n  
F igu re  2. 
r e f l e c t e d  by an increase i n  dihydroxybenzenes and phenols and a r e l a t i v e  decrease i n  
naphthalenes and s h o r t  cha in  a l i p h a t i c  hydrocarbons (13) are dominant i n  the spectra. 

Py ro l ys i s  and mass spectrometry cond i t i ons  were as 

Tar evaporat ion/ -  

Time-resolved spect ra o f  f r e s h  and 

Moreover, t ub ing  bomb r e a c t o r  (TBR) 

For  instance,  t h e  composit ion o f  p y r o l y t i c  t a r s  obta ined by means of a 

AS expected, rank r e l a t e d  d i f f e rences  between the  three coals ,  e.9. 
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Nevertheless, weathering-induced changes (marked by arrows on the  spect ra o f  f resh 
coa ls  i n  F igure 2) ,  e.g., i n v o l v i n g  an increase i n  a l i p h a t i c  ca rboxy l i c  ac ids and 
ketones accompanied by decreased y i e l d s  of phenols and dihydroxybenzenes i n  the  
l i g n i t e  and subbituminous coal  samples as w e l l  as a s t rong  reduc t i on  i n  naphthalen ic  
peak i n t e n s i t i e s  i n  t h e  hvb coal ,  a re  a l s o  e a s i l y  recognizable. 
weathered Hiawatha coal  samples showed t h a t  conversion y i e l d s  obta ined by s h o r t  
con tac t  t ime  p y r o l y s i s  i n  a tub ing  bomb r e a c t o r  (25 s a t  4 2 O O C )  decreased by 50% 
(11, whereas m ic ropy ro l ys i s  (Cur ie -po in t  Py-MS a t  610°C f o r  5 s) y i e l d s  decreased 
by an estimated 20% (4 ) .  P re l im ina ry  r e s u l t s  from Py-MS experiments on a l l  t h r e e  
Western coals  discussed here i n d i c a t e  t h a t  vacuum mic ropy ro l ys i s  conversion y i e l d s  
decrease by an estimated 10-30% upon weathering. 

Comparison o f  the i o n  i n t e n s i t i e s  as a f u n c t i o n  o f  p y r o l y s i s  t ime ( t ime  p r o f i l e  
curves)  reveals  t h a t  the e v o l u t i o n  shape o f  several i o n  i n t e n s i t y  curves i s  d i f f e r -  
e n t  between f resh  and a i r  weathered coals  as shown f o r  Hiawatha coal i n  F igure 3. 
Increased so lvent  (methanol; m/z 32) r e t e n t i o n  i n d i c a t e s  increased p o l a r i t y  i n  the  
weathered coal .  The f a c t  t h a t  carbon d i o x i d e  (m/z 44) as w e l l  as benzene (m/z 78) 
curves both show an inc reas ing ,  e a r l y  component may i n d i c a t e  aromatic c a r b o x y l i c  
a c i d  formation dur ing weathering. Moreover, a l i p h a t i c  ca rboxy l i c  a c i d  i ons  show 
increased e a r l y  components as w e l l  (e.g., CH3COOHt i n  F igure 3 f ) .  
alkylnaphthalenes (e.g., t h e  C2-alkylnaphthalene i n  F igu re  3c )  show a s t rong  de- 
crease a t  lower temperatures i n  the weathered coal .  

The d i sc r im inan t  ana lys i s  r e s u l t s  shown i n  Table I and Figure 4 reveal  cha rac te r i s -  
t i c  changes i n  the composit ion o f  t h e  p y r o l y t i c  t a r s  obta ined from coa ls  weathered 
i n  a i r ,  whereas l i t t l e  o r  no change i s  observed i n  the  c o n t r o l  samples exposed t o  N2 
atmospheres. Although a q u a n t i t a t i v e  comparison o f  weathering-induced changes i n  
the  d i f f e r e n t  coals  i s  n o t  poss ib le  because o f  v a r i a t i o n s  i n  the t o t a l  d u r a t i o n  o f  
t h e  th ree  experiments as w e l l  as i n  the  weathering temperatures, q u a l i t a t i v e  analy-  
s i s  o f  t h e  three d i sc r im inan t  spect ra i n  F igure 4 revea ls  marked d i f f e rences .  For 
example, the p y r o l y t i c  t a r  obta ined from weathered Anderson l i g n i t e  shows a de- 
creased c o n t r i b u t i o n  o f  d i  hydroxybenzenes, whereas t h e  spectrum o f  t he  subbituminous 
A d a v i l l e  #6 t a r  e x h i b i t s  a more pronounced decrease i n  phenolic compounds as w e l l .  
Moreover, s l i g h t  increases i n  the  r e l a t i v e  c o n t r i b u t i o n s  of aromatic hydrocarbons 
(benzenes t naphthalenes) can be noted i n  the l a t t e r .  Furthermore, t he  py ro l yza te  
o f  weathered hvb Hiawatha coa l  t a r  shows a pronounced loss  o f  naphthalen ic  com- 
pounds. 

Although the d e t a i l e d  mechanism behind these changes a re  no t  y e t  understood the  
d i f ferences between th ree  d i sc r im inan t  spec t ra  i n  F igu re  4 are more o r  l ess  con- 
s i s t e n t  w i t h  the d i f f e rences  observed between the  composit ion of t h e  p y r i d i n e  
e x t r a c t a b l e  f r a c t i o n s  o f  each o f  t h e  th ree  coals  (no t  shown here). Consequently, 
our  e a r l i e r  i n t e r p r e t a t i o n  o f  t he  l oss  o f  naphthalen ic  components i n  the  py ro l yza te  
o f  Hiawatha coal as due t o  " g r a f t i n g "  o f  e x t r a c t a b l e  mobi le  phase components onto 
the  network phase ( l ) ,  may w e l l  ho ld  t r u e  f o r  t he  two lower rank coals  as w e l l .  
Obviously, f u r t h e r  work i s  requ i red  t o  con f i rm  these f i n d i n g s  and i n t e r p r e t a t i o n s .  

E a r l i e r  s tud ies  on 

On the  o the r  hand 

F i n a l l y ,  i t  should be noted t h a t  whereas changes i n  the  r e l a t i v e  abundance o f  
aromatic compound se r ies  appear t o  be q u i t e  s p e c i f i c  f o r  each coa l ,  a l l  t h r e e  coals  
show increased mass peak i n t e n s i t i e s  a t  m/z 28 (e.g., CO"), 44 (e.g. C0zt.) and 
60 (e.g. CH COOH+.). Apparently, t he  fo rma t ion  o f  p o l a r  f unc t i ona l  groups, e.g. i n  
s h o r t  ~ h a i n ~ a l i p h a t i c  mo ie t i es ,  i s  a general c h a r a c t e r i s t i c  o f  o x i d a t i v e  changes i n  
Western coals  independent o f  d i f f e rences  i n  rank.  

Whereas our experiments demonstrate t h a t  coal weathering in f luences the  composit ion 
o f  p y r o l y t i c  t a r s  i t  i s  a l so  known t h a t  such t a r s  a re  o f t e n  q u i t e  r e a c t i v e  and prone 
t o  reg ress i ve  reac t i ons  which may cause marked changes i n  the  phys i ca l  and chemical 
p roper t i es  o f  the t a r  (15). 
ac t i ons  on the composit ion o f  p y r o l y t i c  t a r s  w i t h  t h a t  o f  coal weathering processes, 

I n  order  t o  compare the  e f f e c t  o f  " regress ive"  r e -  
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c a r e f u l l y  preserved samples o f  " f resh"  t a r  f rom t h e  Wellman Galusha g a s i f i e r  and t a r  
samples exposed t o  oxygen as we l l  as c o n t r o l  samples exposed t o  N2 were analyzed by 
low vo l tage MS. Minor, bu t  h i g h l y  c h a r a c t e r i s t i c  changes i n  chemical composition 
were found i n  t h e  oxygen exposed samples by means o f  d i s c r i m i n a n t  ana lys is  techn i -  
ques. 
abundance o f  dihydroxybenzene peaks along w i t h  several  o the r  peak ser ies  thought t o  
represent naphthols and phenols (and/or quinones). 
ment w i t h  e a r l i e r  s tud ies  by McMil lan e t  aZ. (15).  

The B l i nd  Canyon coa l  used t o  produce the  Wellman Galusha t a r  i s  c l o s e l y  r e l a t e d  t o  
t h e  Hiawatha coa l  and shows s i m i l a r  weathering behavior (10).  
i n t e r e s t i n g  t o  no te  t h a t  whereas naphthalene m o i e t i e s  p lay  a prominent r o l e  i n  coal  
weathering r e l a t e d  changes they do not appear t o  be d i r e c t l y  invo lved i n  ox ida t i ve  
t a r  processes. Th is  would seem t o  i n d i c a t e  t h a t  both types o f  o x i d a t i v e  processes 
i n v o l v e  q u i t e  d i f f e r e n t  r e a c t i o n  mechanisms. 
aromat ic and hydroxyaromat ic t a r  components i s  thought t o  be due p r i m a r i l y  t o  
" g r a f t i n g "  reac t i ons  between t h e  mob i le  and the  network phase, loss o f  hydroxy- 
aromat ic components du r ing  t a r  o x i d a t i o n  i s  more l i k e l y  t o  be caused by simple 
condensation reac t ions .  Add i t i ona l  evidence f o r  such reac t i ons  i s  found i n  Figure 5 
showing an increased abundance o f  smal l  mass peaks i n  t h e  h igh  mass range (poss ib ly  
represent ing  condensed t a r  components) upon weathering. 

CONCLUSIONS 

The d i s c r i m i n a n t  spectrum i n  F igure  5 revea ls  a decrease i n  the  r e l a t i v e  

These observat ions a r e  i n  agree- 

Therefore i t  i s  

Whereas weathering induced loss  o f  

Weathering-induced decreases i n  r e l a t i v e  y i e l d s  of p y r o l y t i c  t a r s  f rom Western 
coa ls  o f  d i f f e r e n t  rank ( l i g n i t e  t o  hvb) may range from 20 t o  50%, depending on 
py ro l ys i s  cond i t i ons .  

P y r o l y t i c  coa l  t a r s  o f  remarkably s i m i l a r  composi t ion are obtained from a 
Wellman Galusha r e a c t o r  and from a vacuum m i c r o p y r o l y s i s  experiment i n  s p i t e  of 
8-9 o rders  o f  magnitude d i f f e r e n c e s  i n  sample s ize .  

Vacuum m i c r o p y r o l y s i s  experiments on th ree  Western coa ls  o f  d i f f e r e n t  rank 
(1 i gn i te ,  subbituminous and hvb-A) which were o x i d i z e d  ("weathered") under 
c o n t r o l l e d  l a b o r a t o r y  cond i t ions  show marked d i f f e r e n c e s  i n  the  behavior o f  
aromat ic t a r  components bu t  an o v e r a l l  s i m i l a r i t y  i n  the  inc rease o f  po la r ,  
a1 i p  h a t i  c compounds. 

I n  each coal  t he  observed changes i n  the  r e l a t i v e  abundance o f  aromat ic com- 
Eounds appear t o  be exp la inab le  by a l oss  o f  mob i le  phase components through 

S m a l l  bu t  c h a r a c t e r i s t i c  changes which occur i n  t h e  composi t ion of a Wellman 
Galusha r e a c t o r  coa l  t a r  d u r i n g  exposure t o  oxygen a t  8OoC p o i n t  t o  the  
occurrence o f  condensat ion reac t ions  i n v o l v i n g  dihydroxybenzenes and o the r  
hydroxyaromatic compounds. 

g ra f t i ng "  r e a c t i o n s  w i t h  the  network phase d u r i n g  coa l  weathering. 
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Sample 
Treatment Hiawatha 

A i r  weathered 100°C, 96 h r .  

N, exoosed 8OoC, 120 hr .  

TABLE I 1  

SCORES OF THE FIRST DISCRIMINANT FUNCTIONS OBTAINED FOR PYROLYSIS MS DATA ON 

FRESH, N2 EXPOSED AND AIR WEATHERED SAMPLES 

A d a v i l l e  # 6 Anderson 

100°C, 96 hr .  8OoC, 232 hr .  

100°C, 96 h r .  80°C, 232 h r .  

Sample* 
Treatment 

Fresh 

N2 exposed 

A i r  weathered 

* Weathering c o n d i t i o n s  a r e  shown i n  Table I. 

** Discr im inant  f u n c t i o n  r o t a t e d  f o r  maximum d i s c r i m i n a t i o n .  

D isc r im inan t  Scores (DI )  
H i  awatha A d a v i l l e  #6** Anderson 

1.61 f 0.34 0.88 f 0.07 1.68 t 0.34 

1.20 f 0.27 0.88 2 0.44 1.09 f 0.10 

-1.13 f 0.31 -0.98 f 0.33 -0.85 f 0.43 
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0) HIAWATHA COAL 

110 b) ADAMLLE # 6 COAL 
I 124 (subbitumiwus) 

I t  
1% 281 132 

c)  ANDERSON COAL 
(lignite) 

dihydmxybenzenes 

40 60 80 Kx) 120 140 160 180 X X I  220 240 260 
m h  

\ 

F igu re  2. Low vo l tage  p y r o l y s i s  mass spect ra o f  f r e s h  coal  samples from ( a )  
Hiawatha seam (b) A d a v i l l e  #6 seam and ( c )  Anderson seam. 
ca te  changes i n  mass peak i n t e n s i t i e s  i n  the a i r  weathered coals .  
t h a t  mass spectrometry cond i t i ons  were d i f f e r e n t  from t h a t  i n  F igure 1 
r e s u l t i n g  i n  increased s e n s i t i v i t y  i n  h i g h  mass range. 

Arrows i n d i -  
Note 
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F igu re  4. D isc r im inan t  spect ra obtained on Py-MS data sets  o f  f r e s h  and a i r  
weathered coa ls  from: (a) Hiawatha seaq!; (b)  A d a v i l l e  #6 seam; and (c)  
Anderson seam. P o s i t i v e  components (DI ) represent  mass peaks decreased 
i n  weathered samples. Negative components (D I - )  represent  compounds 
increased i n  weathered samples. 
sol vent (s ). 

( 5 )  denotes peaks o r i g i n a t i n g  from 
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DEACTIVATION OF DIRECT COAL LIQUEFACTION 
CATALYSTS BY CARBONACEOUS DEPOSITS* 

Frances V. Stohl and Howard P. Stephens 
Sandia National Laboratories 

Albuquerque, NM 87185 

INTRODUCTION 

The accumulation of carbonaceous deposits on direct coal 
liquefaction catalysts has long been known to cause significant, 
rapid deactivation. We have previously shown that greater than 75% 
of the catalyst hydrogenation activity and 50% of the 
hydrodesulfurization activity is lost due to carbonaceous deposits 
within the first few days of coal processing.(l) The objective of 
the work reported here, which is part of a larger study aimed at 
extending catalyst life by mitigating the effects of carbonaceous 
deposits, was to determine the impact of several hydrotreater feed 
components and distillate cuts on catalyst activity. This work 
differs from previous ~ t u d i e s ( ~ 1 ~ )  in that we have not only 
characterized the catalyst but have also quantitatively measured 
catalyst activity losses resulting from the contaminants. As a 
result of this study, we have found that losses of catalyst 
extrudate hydrogenation activity ranged from 23% for experiments 
with the lowest boiling fraction to 82% for a high boiling point 
feed component. Although HDS activity was not affected by the low 
boiling fraction, a 70% loss resulted from hydrotreating the highest 
boiling point component. 

EXPERIMENTAL PROCEDURES 

Two process streams and various distillate cuts of a coal 
liquefaction hydrotreater feed were catalyticlly hydrogenated in 
microreactors. The starting feeds, products and catalysts 
of these experiments were characterized and the catalysts were 
tested for hydrodesulfurization and hydrogenation activities. 

Materials 

The catalyst used in these studies was Shell 324M with 12.4 wt % 
Mor 2.8 wt % Ni and 2.7 wt % P on an alumina support. The catalyst 
is in the form of extrudates measuring about 0.8 mm in diameter and 
4 mm in length. Prior to use, the catalyst was presulfided with a 
10 mol % H2S/H2 mixture at 4OOOC and atmospheric pressure for 2 
hours. The hydrotreater feed was obtained from the Wilsonville 
Advanced Coal Liquefaction R&D Facility’s run 247 which processed 
Illinois No. 6 bituminous coal. This hydrotreater feed was made up 
Of two process streams derived from the first stage thermal 
liquefaction unit. The two streams are identified by the number of 
the storage tank (V-178) and separator (T-102) from which they were 
obtained just before entering the hydrotreater. The V-178 process 
stream is lighter than the second process stream which consisted of 
the bottoms from T-102. Samples of each of these streams were used 
in this study. The feed to the hydrotreater at Wilsonville 
consisted of 35 wt % v-178 and 65 wt % T-102 bottoms. 

* This work supported by the U.S. Department of Energy at Sandia 
National Laboratories under Contract DE-AC04-76DP00789. 
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Apparatus and Procedures 

was used to separate v-178 into five boiling point fractions and to 
obtain boiling point information on the T-102 bottoms. 
Distillations were performed at 0.1 torr pressure. Boiling 
temperatures are reported as atmospheric pressure values. 

V-178 and T-102 bottoms comparable to the hydrotreater feed at 
Wilsonville, were each hydrotreated with presulfided catalyst in 40 
cc microreactors at 35OOC for 2 hours. The microreactors Were 
charged with 6 g of feed, 2 g of catalyst and 1200 psig of H2. 
All of the feeds, products and catalysts from these experiments 
were analyzed for carbon, hydrogen, nitrogen and sulfur contents. 
The catalysts were Soxhlet extracted with tetrahydrofuran prior to 
analysis or  activity testing. 

Both hydrodesulfurization (HDS) and hydrogenation activities 
were determined for the catalysts. HDS testing was performed at 
atmospheric pressure and 350°C using a fixed bed flow reactor with 
thiophene as the model compound. HDS activity was measured by 
conversion to n-butenes and n-butane as analyzed by gas 
chromatography. 

pyrene to dihydropyrene as has been previously reported.(j) 
testing was carried out in 26 cc microreactors at 3OOOC with 500 
psig H2 cold charge. 
ground to -200 mesh and whole extrudates enabled determination of 
the losses of both intrinsic and extrudate activities. 

A Perkin-Elmer 36" adiabatic spinning band distillation column 

Both process streams, the five distillate cuts, and a mixture of 

Hydrogenation activity was determined using the hydro enation of 
This 

Experiments performed on both catalyst 

RESULTS AND DISCUSSION 

Feed, Product and Catalyst Compositions 

Results of distilling the two process streams showed that 96.1 
wt % of the v-178 boiled below 8 5 0 O ~  whereas only 16.4 wt % of the 
T-102 bottoms boiled below 825'F. The initial boiling points of the 
V-178 and T-102 bottoms were 400°F and 72OOF respectively. The 
boiling point ranges and weight fractions of the five distillate 
cuts from the V-178 stream are given in Table 1, along with analyses 
on all the feed components. The most significant differences in 
elemental compositions between the v-178 and T-102 bottoms are the 
higher H/C ratio of the V-178 and the higher nitrogen content of the 
T-102 bottoms. The V-178 distillate fractions show decreasing H/C 
ratios with increasing boiling point. 

Results of analyses of the products from the hydrotreating 
experiments are also given in Table 1. All of the microreactor 
products showed higher hydrogen contents and decreased nitrogen 
contents compared to the starting feeds. The greatest increase in 
H/C ratio was 28% for the run with T-102 bottoms. Products from all 
other experiments also showed increased H/C ratios between 9 and 
14%. Hydrotreating a 35 wt % V-178 + 6 5  wt % T-102 bottoms mixture 
yielded an increase in hydrogen content that approximated that 
obtained by hydrotreating similar amounts of each stream 
separately. This indicates that the presence of the lower boiling 
process solvent did not improve T-102 bottoms hydrogen uptake. 

Table 2 .  These catalysts show an increasing carbon content with 
increasing boiling point of the feed processed. The nitrogen 

Analyses of the catalysts retrieved from these runs are given in 
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content is highest on the catalyst used to process T-102 bottoms 
although all of the catalysts have at least 0.40 Wt % nitrogen. All 
of the nitrogen removed from the V-178 feed was deposited on the 
catalyst whereas only 40% of the nitrogen removed from the T-102 
bottoms was found on the catalyst. Processing of the V-178 + T-102 
bottoms mixture yields a similar catalyst carbon content to 
processing the T-102 bottoms alone. 

Hydrodesulfurization Activity 

HDS activity testing results obtained for whole catalyst 
extrudates from the microreactor suns are given in Figure 1. The 
standard deviation for this testing procedure is + 2% absolute. 
Catalyst from the hydrotreating of the V-178 stresm shows a small 
but statistically significant decrease in HDS activity compared to 
fresh catalyst. Catalyst used to hydrotreat T-102 bottoms, however, 
shows a 46% decrease in thiophene conversion which is equivalent to 
losing %70% of fresh catalyst HDS activity. Catalysts used in 
microreactor runs with the -550OF and 550-650°F distillate cuts have 
the same HDS activity as fresh catalysts. HDS activities of 
catalysts from experiments with higher boiling point cuts decrease 
with increasing boiling point. Comparison of these results with the 
carbon deposition on the catalyst shows that catalyst carbon 
contents 2 1.58 wt % do not affect HDS activity. However, above 
this carbon content, HDS activity loss is proportional to carbon 
content. It is observed that the +850°F portion of the V-178 causes 
significantly less carbon buildup and HDS activity loss than 
obtained with the T-102 bottoms which contain 83.6 wt % +825OF 
material. 

Hydrogenation Activity 

previously, ( 4 )  relates catalyst extrudate activity remaining (F) 
to the intrinsic activity loss ( a ) .  Use of the relationship between 
F and a enables determination of the effective diffusivities of 
these catalysts. For catalyst from the run with V-178 feed, no 
significant decrease in effective diffusivity, as compared to fresh 
Catalyst (5 x lo6 cm2/sec/cm3) , was observed. However, 
catalysts from the run with the V-178 + T-102 bottoms mixture and 
from the run with only T-102 bottoms showed %70% decreases in 
effective diffusivity which are due to the higher carbon content of 
these catalysts. The relationship between F and a enables 
differentiation of two limiting modes of deactivation-- 
homogeneous and shell-progressive poisoning. ( 4 )  
a for the effects of carbonaceous deposits alone is shown in Figure 
2. Since the a values increase more rapidly than the F values, the 
dominant mode of deactivation is due to homogeneous poisoning. A 
smaller F value indicates higher deactivation so that deactivation 
increases with higher boiling point of the microreactor feed. The 
catalysts used to hydrotreat T-102 bottoms and the V-178 + T-102 
bottoms mixture have lost %EO% of their hydrogenation activity after 
only 2 hours in the batch microreactor runs. The +85OoF component 
Of the V-178 yields a 50% decrease in hydrogenation activity. The 
difference between the activities of the catalysts used to 
hydrotreat the +85OoF portion of the V-178 and the T-102 bottoms 
must be due to compositional differences between these high boiling 
point materials. 

A quantitative, mathematical expression, reported 

A plot of F vs 
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Comparison of the catalyst carbon contents in Table 2 with the F 
and a values in Figure 2 shows that the greatest changes in F and 
a as a function of carbon content occurred for the first sample with 
a carbon content of -1.25 wt %. Additional accumulation of carbon 
produces smaller changes of F and a. There appears to be no 
correlation between losses of hydrogenation activity ( o r  HDS 
activity) and nitrogen content of the catalyst. 

CONCLUSIONS 

Hydrotreating the high boiling materials for only 2 hours 
yielded up to %80% loss of hydrogenation activity and 7 0 %  loss of 
catalyst HDS activity. Combining a lighter solvent with the T-102 
bottoms did not have any impact on the extent of deactivation. 
These results show that, in order to extend catalyst life, it is 
necessary to either eliminate the high boiling material from the 
hydrotreater feed or change the feed to eliminate the harmful 
components of these high boiling materials. Current studies are 
aimed at identifying and separating different chemical classes of 
compounds in the high boiling fractions to determine their 
individual effects on catalyst activity. 
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T a b l e  2 .  Analyses o f  used ca t a lys t s  f r o m  microreactor 
runs reported a s  w e i g h t  p e r c e n t .  

F e e d  C a r b o n  Hydrogen N i t r o g e n  
35% V-178 + 1 1 . 4 2  1 . 4 6  0.57 

6 5 %  T-102 bot toms 

V-178 1 . 9 6  0 .82  
T-102 bottoms 1 1 . 7 1  1 . 4 4  

0 . 5 0  
0 . 6 1  

V-178 D i s t i l l a t e  C u t s  
-550OF 1 . 2 5  0 . 8 2  0.55 

550-650°F  1 . 5 8  0 . 8 4  0 . 4 7  
650-750'F 1 . 9 2  0 . 9 0  0 . 4 6  
750-850°F  2 .64  0 . 8 2  0 . 4 0  

+850°F  4 .20  0 . 9 3  0 . 4 9  

I 
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v' 
i 
L 

70 

60 

so 

4a 

so 

20 

10 

0 
Fresh V-178 T-102 -550-F 550-65O'F 650-75O'F 750-850°F +85O'F 
cata1yat  mttoms 

F i g u r e  1. HDS a c t i v i t y  o f  fresh catalyst  and c a t a l y s t s  from micro- 
reactor runs  with d i f f e r e n t  f e e d  c o m p o n e n t s .  
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Figure 2. F vs a for catalysts f r o m  microreactor experiments. Results 
shown for  carbonaceous deposits only.  
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c PHENOLIC -OH AS A PROCESS-PERFORMANCE INDICATOR 
I N  TWO-STAGE LIQUEFACTION 

C. A. Robbins. R. A. Winschel and F. P. Burke 

CONOCO INC. 
Coal Research Division 
4000 Brownsville Road 

Library, PA 15129 

ABSTRACT 

Phenolic -OH concentrations were measured for process oil samples taken 
throughout the  year-long Run 3LCF9 of t he  Lummus Integrated Two-Stage 
Liquefaction PDU, and a 25-day run of H R I ' s  bench scale Catalytic Two-Stage 
Liquefaction process unit. The phenolic -OH concentration of the  Lummus product 
resid responded to changes in catalyst age and space velocity. The phenolic -OH 
concentration of the HRI second-stage products also increased in response to 
catalyst age, the  only process variable during that run. These results 
demonstrate tha t  phenolic concentration is a sensitive indicator of coal liquefaction 
process performance. These data were obtained using a quantitative infrared 
spectroscopic method, applicable to  tetrahydrofuran-soluble coal liquids, which 
permits analysis of the  entire range of converted coal products. This analytical 
method is rapid, reproducible and accurate, and also provides qualitative 
information about the molecular s t ruc ture  of the phenolic components. 

INTRODUCTION 

The successful operation of a coal liquefaction process requires some means to 
monitor process performance a s  a function of time and changes in operating 
conditions. Operating history and material balance data a re  essential, but require 
substantial time for analysis, calculations and compilation. Alternatively, selective 
chemical characterization techniques can provide a great deal of process 
performance information within minutes after samples are obtained. A principal 
objective of our coal liquefaction research has been to develop rapid reproducible 
analytical methods for coal liquids characterization and process monitoring. 

Extensive application of these techniques has shown that the phenolic OH 
concentrations of coal liquids a re  very  useful in monitoring process performance. 
These data give evidence of approach to or achievement of steady-state operation. 
They provide information on the  extent of deoxygenation, which can be used to 
assess catalyst deactivation in a process such a s  two-stage liquefaction. Changes 
in phenol concentration can also result from changes in operating conditions. 
Phenolic OH concentrations supplement other data to provide a broad picture of 
process performance and product characteristics. 

This paper presents two applications of an infrared spectroscopic method for 
phenolic OH. 

RESULTS AND DISCUSSION 

Summary of Infrared Method 

In this method, the phenol concentration is determined from the  height of the  peak 
in the infrared spectrum produced by the  stretching vibration of the phenolic 0 - H  
bond in dilute tetrahydrofuran (THF) solution (Figure 1 ) .  The infrared spectra 
were obtained using a Nicolet Model 7199C Fourier transform infrared (FTIR) 
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instrument operated a t  a nominal resolution o f  4 cm-1 (data were collected every 2 
cm-'1. 

A software peak-picking rout ine was used to  locate the maximum in the phenolic 
OH stretch band found around 3300 cm-I. The baseline value used was the 
average absorbance over 3750-3650 cm-l. The net absorbance used for 
quantitation was the OH stretch peak absorbance minus the baseline absorbance. 
Measurements were limited to  the 0 . 3  - 1.0 net absorbance range. A linear least- 
squares fit of absorbance v s  (concentration x path length) fo r  standard solutions 
provided the calibration (extinction coefficient) f o r  phenols determination in actual 
samples. A detailed description o f  th is  method and i t s  verif ication by an 
independent 19F-NMR technique have been reported (1). 
Other methods fo r  the determination o f  phenols in coal l iquds (using nuclear 
magnetic resonance (NMR) spectrometry o r  infrared ( IR)  spectroscopy) have 
typically employed chloroform o r  methylene chloride as solvents for  analysis. 
However, because THF is  a much better solvent than these fo r  dissolving coal 
liquids. almost the ent i re sample from any liquid process stream becomes available 
t o  the analysis method, part icular ly if "THF solubles" is used t o  define converted 
coal products. A significant advantage of the IR technique is tha t  minimal sample 
preparation is required. In addition, because the instrument produces digitized 
data, the peak location and background and peak absorbances are determined auto- 
matically, greatly facil i tating the  analysis. Using this method, we can routinely 
complete 3-4 phenolic -OH determinations per hour, including sample preparation 
and clean-up. 

Possible common interferences to  determination o f  phenolic OH content by this 
method are water and amine groups (particularly pyrroles). Water in moderate 
amounts poses no part icular problem, and the question of interferences by  amines 
remains t o  be resolved and is an active area of our investigation. 

Based on t h e  model compound data, phenol concentrations are accurate to  kO.1 meq 
OHlg  sample (95% confidence) over the range o f  concentrations typical for coal 
l iquids. Reproducibil i ty fo r  resid samples was f0 .09  meq OHlg  sample for 
concentration and fl c m - l  for  frequency. 

Consistent calibration data f o r  quantitative analysis were obtained from a wide 
range o f  model compound phenols (Figure 21. This is necessary fo r  accurate 
quantitation. The frequencies o f  the  peaks varied somewhat from one model phenol 
t o  another, demonstrating a t rend  w i th  r i n g  condensation and with phenol aqueous 
acidi ty (Figure 3 ) .  The frequency observed for a particular phenol depends on 
the  0 -H  bond strength,  which is related t o  the chemical structure and is reflected 
in the acidity (as the aqueous dissociation constant). A low frequency results 
from a weaker 0-H bond (more acidic) as in the multiple-ring phenols. Ring 
condensation withdraws electrons, thus weakening the 0-H bond. Conversely, 
a lkyl  substituents donate electrons, producing a stronger 0-H bond, lower acidity, 
and higher infrared frequency. Thus, the  infrared frequency o f  the OH peak is 
roughly related to  ring condensation and alkyl  substitution. The model compound 
data indicate a single- v s  multiple-ring frequency cutof f  in the 3275-3300 cm-' 
region. Because of these observa?ions, we explored the potential utility o f  the 
frequency data to  provide qual i tat ive information on process samples. These 
resul ts are discussed below. 

Lummus ITSL Run 3LCF9 Process Description and Run Summary 

Run 3LCF9 was a year-long run o f  the Integrated Two-Stage Liquefaction ( ITSLI  
process a t  Lummusl 30 lblh PDU. The three major process uni ts are: 1)  plug 
flow, short contact time, f i r s t  stage (SCT un i t )  operated a t  830-865OF. 2 t o  10 
min, and 2000-2400 psig, 2)  an interstage antisolvent deashing unit (ASDA), and 
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3) an  expanded-bed catalytic hydrotreater second-stage (LC-Finer1 , operated at  
720-750°F, 2700 psig, and 0.6 - 1.8 Ibs feed/lb cat h. These three sub-units 
serve dist inct  functions. The SCT unit dissolves the  coal (-92% MAFI. the ASDA 
removes solids, and the LC-Finer converts resid t o  l ighter products, prepares a 
suitable donor solvent and removes heteroatoms from the net product. 

Run 3LCF9 was made with clean Burn ing  Star (I l l inois 61 coal and a single charge 
o f  f resh Shell 324M (Ni/Mo) catalyst. Major variables dur ing  the run were catalyst 
age, space velocity, temperature, and feed source. 

Dur ing  the f i rs t  th i rd  o f  Run 3LCF9, the PDU was operated as described above. 
Dur ing  the middle o f  the run the order of the ASDA and LC-Finer was inverted, 
i.e., the LC-Finer processed ash-containing feed and the LC-Finer product was 
deashed. Later in the run, the ASDA and LC-Finer were returned to  the i r  
original order and a partially back-mixed soaker reactor was added to the SCT 
unit. The soaker was operated at  a lower temperature (83OoF1 and pressure 
(1000-2000 psig) but longer residence time (10-15 min) than the SCT coil-only 
reactor, 

The discussion below describes characterization o f  the second-stage ( LC-Finer) 
operations in terms of the -OH concentrations of the THF-soluble 85OoFs feeds and 
products. A detailed description of Run 3LCF9 (4, 5, 6 )  and thorough analytical 
characterization results (1.7) have been reported- 

Phenol Concentration Response 

Figure 4 plots the chan e in phenolic concentration (feed minus product]  for the 
soluble resid s a m p d l T S L  Run 3LCF9 as a function o f  catalyst age: the 
greater the value, the greater the  reduction in phenolic functionality in the 
LC-Finer system. Phenolic concentrations ranged from 1.1 t o  1.6 meqlg for  the 
feed resids and from 0.4 to  1.6  meqlg fo r  the product resids. 

The general decrease in phenolic removal wi th catalyst age at  constant space 
velocity is apparent. It i s  also evident dur ing the parts o f  the  run operated with 
all variables held constant, such as those at  75OOF (early in the run)  and at  
780OF. 

The data around 600 and 1800 Ib 85O0F+llb cat show the clear effect of space 
velocity. Operation of the process at  lower space velocity increased phenol 
removal b y  decreasing the phenolic OH concentration in the products. Conversely, 
operation at higher space velocity decreased phenol removal by increasing t h e  
phenol content in the products. Al though temperature and feed source were also 
variables dur ing Run 3LCF9, the phenol concentrations in the products showed no 
obvious response to these changes. Thus, the phenol concentrations of Run 
3LCF9 products were sensitive to  catalyst age and space velocity, but not to  the  
other variables. 

In addition to showing response to  certain planned process variables, phenolic OH 
concentration is also sensitive t o  unplanned changes in conditions, as the following 
example shows. Three points between catalyst age 400-500 Ib  850°F+/lb cat show 
anomalously low phenol removals (Figure 41. For these three run periods, the  
product samples had unusually h igh  phenolic concentrations. These three were the  
earliest samples we received following a departure from planned operating 
conditions which was reported b y  Lummus (4.5). If frequent sampling and 
analysis were performed on a continuing basis during plant operations, such 
deviations from desired conditions might b e  recognized and corrected earlier. 

This represents deactivation of the catalyst's deoxygenation act iv i ty.  
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Phenol Frequency Response 

The phenol peak frequency was sensitive t o  catalyst age, but not to  the other 
variables (Figure 5).  These data show much less variation than the concentration 
data. The product resid peaks consistently occur a t  higher frequency than the 
feed resid peaks (product 3289-3306 cm- l  vs  feed 3282-3288 cm-I), in agreement 
w i t h  the structural  interpretation of the model compound frequency data. The 
upgraded product resids have a lower degree of ring condensation than the feed 
resids, hence the higher frequency o f  the product resid peaks. For the same 
reason, the disti l late phenol peaks occur a t  higher frequencies than the  peaks from 
the corresponding resids. In the present application, the  decrease o f  the product 
resid peak frequency w i th  increasing catalyst age is an indication of catalyst 
deactivation. Both the  concentration and frequency data indicate that  two stages 
of catalyst deactivation may be  present. A very  rapid deactivation for  the init ial 
pa r t  of the run is followed by a more gradual one fo r  the  remainder o f  the run. 

CTSL Run 227-20 Process Description and Run Summary 

HRI's catalytic two-stage liquefaction (CTSL) process consists of two catalytic 
ebullated-bed reactor stages fo r  coal hydrogenation and liquefaction. In the f i r s t  
stage, a coal s lu r r y  prepared from process-derived heavy recycle oil is treated 
w i t h  hydrogen a t  temperatures below EOOOF. These conditions are designed to 
hydrogenate the  coal matrix while maintaining the solvent donor quality. The low 
temperature minimizes dehydrogenation, cracking, polymerization, and condensation 
reactions. The first-stage products pass direct ly to  the second stage, where 
higher temperature hydrotreatment, liquefaction, and heteroatom removal take 
place. Atmospheric st i l l  bottoms, vacuum st i l l  overheads, and pressure f i l ter  
l iquid (PFL) from the  atmospheric s t i l l  bottoms are combined to make the recycle 
oil. 

Run 227-20 was conducted as a bench-scale demonstration of CTSL technology. 
Burning Star ( I l l inois 6) coal was processed at  constant conditions for  22 days 
af ter  a three-day s ta r tup  period. Operating conditions reported b y  HRI (8) are 
given below: 

A summary o f  CTSL development has been reported (SI. 

OPERATING CONDITIONS 
HRI CTSL Run 227-20 

Feed : Il l inois No. 6 Coal, Burn ing  Star Mine, -70 US mesh, 

Catalyst: 

First Stage Temperature - 750°F 
Second Stage Temperature - 825OF 
Unit  Back Pressure - 2500 psig 
D r y  Coal Space Velocity (each Stage), Ib Dry  Coal /h/ f t3 cat - 68 

2.511 SolventlCoal 
F i r s t  Stage - Amocat 1C (Ni/Mo) 
Second Stage - Amocat 1A (ColMo) 

Conoco received dai ly PFL samples from :he run and performed analyses on 
selected samples. The PFL represents the solids-free portion of the major second- 
stage product, which is recycled to the f i r s t  stage. The complete characterization 
data have been reported (1). 
Phenol Concentration Response 

Phenolic OH concentrations o f  850OF- disti l late and THF-soluble 85OoF+ resid 
samples from Run 227-20 are plotted in Figure 6 as a function o f  run day. There 
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is an init ial reduction in disti l late and resid phenolic OH content during the  three 
day  startup period, as the startup solvent was replaced by coal l iquids low in 
phenols, produced over the fresh catalyst. From day 4 to  day 25, as the catalyst 
aged, the phenol concentrations of the PFL disti l lates and resids increased as 
shown in Figure 6. 

The observation that these samples became more phenolic wi th time is consistent 
wi th HRl's process performance data which also show a decrease in catalyst 
act iv i ty wi th time (see below). 

CTSL RUN 227-20 PROCESS PERFORMANCE DATA (Reference 8) 

Period 5 10 15 19 24 
Avg  Cat Age, 

Ib Ljry Coal l lb Cat 216.3 441.3 664.3 844.2 1069.1 
975OF Conversion, w t  % MAF 86.9 83.6 82.2 80.6 77.2 
C4 - 975OF. W t  % MAF 72.3 68.0 67.2 65.4 62.6 
Organic Su l fu r  Removal, w t  % 98.0 96.6 94.6 
Nitrogen Removal, w t  % 79.2 66.5 56.4 

The increase in phenolic concentration represents deactivation o f  the catalyst's 
deoxygenation act iv i ty.  The deactivation exhibited by the distillate phenol data is 
highly linear w i th  catalyst age and showed no evidence o f  subsidence a t  the end o f  
the run. 

The increase in phenolic content of the 850°F+ resid samples was not linear (Figure 
6). There was a rapid increase in phenolic content up t o  about day 12 followed 
by a more gradual increase. This may indicate that  t h e  catalysts' in i t ia l  act iv i ty 
fo r  removal o f  phenols from the resid was substantially lost by  day 12. One would 
expect the resid molecules to be excluded from the active catalyst sites by pore 
mouth blockage before the distillate molecules would b e  excluded. The observed 
difference between the distillate and resid phenolic OH concentration response w i th  
time suggests tha t  the disti l late and resid fractions have di f ferent rates andlor 
mechanisms of deactivation toward deoxygenation. 

Phenol Frequency Response 

The phenol infrared peak frequency data from the disti l late and resid samples are 
plotted in Figure 7 as a function of run day. The distillate peaks were 
consistently observed at  higher frequency than the resid peaks. Th is  f i t s  the 
structural  model fo r  these data, wi th the distillates containing phenols o f  smaller 
ring size than the  resids. These frequencies decrease throughout the run, 
consistent w i t h  a continual catalyst deactivation. In contrast to  the concentration 
data, the frequency data do not show a trend reversal af ter  startup. The reason 
for th is i s  not clear, but the resul t  implies tha t  the concentration and frequency 
data are independent measurements, even through a h igh  peak frequency and low 
phenol concentration tend to correlate. It is probable that  the two concentration 
and frequency trends during startup ref lect  differences in the molecular 
composition of the  startup and process oils, and tha t  inventory replacement was 
complete by day 4, as the concentration data indicate. 

The distillate and resid frequency appear t o  follow curves o f  nearly identical 
shapes, in contrast to the concentration data. The interpretation o f  the frequency 
data is not completely straightforward, but fu tu re  application o f  the data may 
suggest a more meaningful interpretation o f  the results. 
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CONCLUSIONS 

Phenolic OH concentration can be a useful indicator o f  coal liquefaction process 
performance. Such data are sensitive to process variables such as catalyst age 
and space velocity, and to  changes dur ing  s ta r tup  and process upsets. The 
infrared spectroscopic method employed permits useful data to b e  obtained from 
residual oils, for which few analytical methods are available. Data from CTSL Run 
227-20 suggest tha t  disti l late and residual oils may have di f ferent rates andlor 
mechanisms for deactivation o f  the catalyst toward deoxygenation reactions. 

Use of t h e  in f ra red  frequency data provided b y  the method may give qualitative 
information about the  molecular structure o f  phenols present in each sample. 
Interpretation o f  these data may not be straightforward, but might be improved 
a f te r  broader application. 

Continued application of th is method to  liquefaction process monitoring should lead 
to a clearer p ic tu re  o f  changes dur ing specific process runs, and should aid in a 
general understanding of liquefaction chemistry, particularly in the heavier 
materials. 
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THE EFFECT ON PRODUCT YIELD STRUCTURE AND PRODUCT QUALITY 
I N  THE HYDROTREATMENT OF COAL DERIVED EXTRACT PRIOR TO 

DEASHING I N  A TWO-STAGE LIQUEFACTION PILOT PLANT OPERATION 

M. J.  Moniz, R. V. Nalitham 

Cata ly t i c ,  Inc., Wi lsonv i l le ,  AL 35186 

and T. W. Johnson 

Southern Company Services, Inc.. W i l  sonv i l le .  AL 35186 

INTRODUCTION 

A two-stage 1 i q u e f a c t i o n  (TSL) operat ion t y p i c a l l y  cons is ts  o f  the sequential 
processing o f  coal i n  three d i s t i n c t  steps. These are: a t h e n a l  l i q u e f a c t i o n  
f i r s t  stage, an i n t e r m e d i a t e  deashing step, fo l lowed by a second-stage hydro- 
t r e a t i n g  u n i t .  The TSL o p e r a t i o n  p r o v i d e s  f l e x i b i l i t y  i n  t h a t  a number o f  
process op t ions  are  possible, depending on the  sequencing o f  process uni ts,  and 
recycle o f  process streams (1. 2) .  T h i s  paper  p r o v i d e s  a comparison o f  t h e  
e f f e c t s  o f  resequencing process u n i t s  i n  a TSL operat ion on product y i e l d s  and 
product q u a l i t y  f o r  processing bi tuminous c o a l  ( I l l i n o i s  No. 6, Bu rn ing  S t a r  
Mine). 

The c o n f i g u r a t i o n  modes compared were the in tegra ted  TSL (ITSL) mode (Figure 1) 
and the reconf igured in tegra ted  TSL (RITSL) mode (Figure 2 ) .  I n  both modes, the 
r e a c t i o n  s tages a r e  coup led  by r e c y c l i n g  f u l l - r a n g e  hyd ro t rea ted  res id  and 
d i s t i l l a t e  so lvent  from the hydro t rea ter  t o  the  thennal l i q u e f a c t i o n  step. The 
RITSL mode d i f f e r s  f rom t h e  ITSL mode i n  t h a t  f o r  the  RITSL mode, the vacuum- 
f lashed product f rom the thermal stage i s  hydrotreated p r i o r  t o  being deashed. 

PRODUCT YIELD COMPARISON 

A wide range o f  thermal and hydrotreater reac t i on  cond i t ions  were inves t iga ted  
i n  the ITSL mode t o  determine t h e i r  e f f e c t s  on product y i e l d  s t ruc tu re  ( 3 ) .  For 
comparison purposes, Table 1 l i s t s  a t yp i ca l  se t  o f  RITSL cond i t ions  r e l a t i v e  t o  
th ree  se ts  o f  ITSL cond i t ions .  Thermal stage reac t i on  cond i t ions  are  comparable 
f o r  the  runs  l i s t e d  i n  Table 1. Ca ta l y t i c  stage reactor cond i t ions  f o r  ITSL-1 
are  f a i r l y  comparable t o  RITSL, w i t h  a 10°F h i g h e r  r e a c t o r  temperature f o r  
ITSL-1. A h igher  temperature o f  7 4 0 O F  was used a t  an extended c a t a l y s t  age f o r  
ITSL-2. I n  ITSL-3, ca ta l ys t  age was ma in ta ined  i n  t h e  1300-1400 l b  r e s i d / l b  
c a t a l y s t  range w i t h  c a t a l y s t  a d d i t i o n  and withdrawal, and space ve loc i t y  was 
decreased t o  0.75 l b  feed/ (h r * lb  ca ta l ys t ) .  

Fo r  a s i m i l a r  reac t ion  s e v e r i t y ,  RITSL i n d i c a t e s  a h i g h e r  d i s t i l l a t e  y i e l d ,  
accompanied by a s i g n i f i c a n t l y  h igher  hydrogen consumption. Hydrogen e f f i c i ency  
i s  hence lower fo r  RITSL as compared w i t h  ITSL. 

A t y p f c a l  sat  of  process u n i t  y i e l d s  i s  given i n  Table 2 f o r  the RITSL and ITSL 
modes. Gaseous hydrogen consumption was Comparable f o r  both modes i n  the  thennal 
stage, b u t  was s i g n i f i c a n t l y  h i g h e r  f o r  t h e  RITSL mode i n  t h e  hydrotreater 
stage, despi te a s l i g h t l y  l o w e r  h y d r o t r e a t e r  temperature employed f o r  RITSL 
mode. The thermal  u n i t  r e s i d  y i e l d  f o r  t h e  RITSL mode was higher than tha t  
t y p i c a l l y  observed f o r  the  ITSL mode, which may be a t t r i b u t e d  t o  d i f f e r e n c e s  i n  
t h e  process s o l v e n t .  Resid convers ion  i n  the hydro t rea ter  was s i g n i f i c a n t l y  
h igher  f o r  t he  RITSL mode, r e s u l t i n g  i n  a h igher  d i s t i l l a t e  y i e l d .  The amount 
of organics re jec ted  w i th  the ash concentrate i n  the  CSD u n i t  was comparable for  
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both modes. The H/C atomic r a t i o  o f  the organics was h igher  f o r  the  RITSL mode, 
which imp l ies  a s l i g h t l y  h i g h e r  r e j e c t i o n ,  on an  energy b a s i s  f o r  t he  RITSL 
mode. 

The convers ion  o f  coa l  t o  c reso l  solubles i n  the  i nd i v idua l  process u n i t s  and 
fo r  the TSL system are shown i n  Table 3, f o r  the  ITSL and RITSL c o n f i g u r a t i o n  
modes. F o r  s im i la r  thermal u n i t  reac t ion  condi t ions,  observed coal  conversions 
f o r  t he  ITSL mode (92.5i1.1) were s i m i l a r  t o  t h e  RITSL mode (91.7f1.4). I n  
the ITSL mode, a s t a t i s t i c a l l y  s i g n i f i c a n t  increase i s  observed i n  unconver ted 
Coal y i e l d ,  i n  t h e  f r a c t i o n a t i o n  and deashing steps (-4.8*1.4), downstream o f  
the thermal reactor. I n  the  RITSL mode, conversion o f  coal  i n  the hydro t rea t ing  
u n i t  (0.7f1.51, and downstream o f  the reac t i on  stages (-1.4f0.9) i s  s t a t i s t i -  
c a l l y  i ns ign i f i can t .  Hence, f o r  s im i  l a r  thermal  u n i t  c o a l  convers ions,  t h e  
two-stage coa l  convers ion i s  higher f o r  RITSL mode as compared w i t h  ITSL mode. 
I n  both conf igura t ion  modes, there was pressure letdown, and absence o f  hydrogen 
atmosphere between r e a c t i o n  stages. I n  t h e  RITSL mode, t h e  cool-down and 
heat-up temperature cyc les  o f  t h e  l i q u e f a c t i o n  e x t r a c t  and t h e  hold-up t ime  
between stages i s  reduced i n  comparison t o  the  ITSL mode. The adverse e f f e c t  o f  
in te rs tage coo l ing  on regressive reac t ion  occurrence, l e a d i n g  t o  reduced coa l  
conve rs ion  and d i s t i l l a t e  y i e l d  has been reported (4).  Th is  i n te rs tage  process- 
i n g  d i f fe rence between conf igura t ion  modes may have reduced t h e  p o t e n t i a l  f o r  
r e g r e s s i v e  r e a c t i o n  occurrence f o r  t he  RITSL mode, e x p l a i n i n g  the  observed 
differences i n  ove ra l l  coal  conversion. 

PRODUCT QUALITY COMPARISON 

"Synthetic crude blends" were prepared f o r  the RITSL and ITSL product slates, by 
combining a l l  product streams i n  p ropor t ion  t o  t h e i r  respec t i ve  f l o w  r a t e s .  A 
comparison o f  t h e  e lementa l  con ten ts  f o r  var ious bo i l i ng -po in t  ranges o f  the  
crudes i s  shown i n  Table 4. 

A s l i g h t l y  l ower  naphtha y i e l d  bu t  a h igher  d i s t i l l a t e  y i e l d  was obtained f o r  
the  RITSL crude i n  comparison t o  the ITSL crude. The hydrogen c o n t e n t s  f o r  
comparable f rac t i ons  were much higher f o r  the  RITSL crude. Th is  r e s u l t  i s  t o  be 
expected because o f  the canparat ively h igher  hydrogen consumption observed f o r  
RITSL mode, f o r  s i m i l a r  hydrocarbon gas y i e l d .  The heteroatomic content i n  the 
product f rac t i ons  was a lso  lower f o r  t h e  RITSL crude, i n d i c a t i n g  an  o v e r a l l ,  
b e t t e r  q u a l i t y  product compared with the ITSL crude. 

CATALYST REQUIREMENT COMPARISON 

Batch d e a c t i v a t i o n  t rends  f o r  res id  conversion i n  the hydro t rea ter  were devel- 
oped f o r  the  RITSL and ITSL modes (1).  u s i n g  a f i r s t - o r d e r  r e s i d  convers ion  
model (5 ) .  The trends showed an i n i t i a l  per iod  o f  rap id  deact ivat ion,  fo l lowed 
by slower deac t iva t ion  rates, f o r  the deashed (ITSL) e x t r a c t  as we l l  a s  f o r  t h e  
nondeashed (RITSL) e x t r a c t .  The deac t iva t ion  ra tes  were comparatively higher 
f o r  the nondeashed ex t rac t .  However, the nondeashed r e s i d  was observed t o  be 
more r e a c t i v e  ( h i g h e r  r e s i d  convers ion  r a t e  cons tan ts )  as compared t o  the 
deashed resid,  over the range o f  ca ta l ys t  age invest igated. 

The ba tch  deac t iva t ion  data developed f o r  the deashed and nondeashed bituminous 
runs may be used t o  est imate ca ta l ys t  requirements i n  a s teady-state,  c a t a l y s t  
add i t i on /w i thd rawa l  ope ra t i on .  The e q u i l i b r i u m  a c t i v i t y  i s  computed by com- 
b in ing  the  equ i l i b r i um c a t a l y s t  residence time d i s t r i b u t i o n  (RTD) f u n c t i o n  and 
the a c t i v i t y  func t ion  as shown below: 

1) 
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The RTD function for  a continuous, st irred-tank, recycle reactor (6), i s  given 
as:  

RTD(t) = 1 e-t/t 

where f. = ca ta lys t  hold-up/catalyst addition rate.  

Integration of Equation 1 fo r  a batch ca ta lys t  ac t iv i ty  function has been 
reported ( 7 ) .  

The projected ca t a lys t  requirement for  deashed and nondeashed bituminous 
extracts fo r  steady-state operation i s  shown in Figure 3. 
ment i s  projected f o r  a fixed level of resid conversion and for  similar reactor 
space ra tes .  Owing t o  a higher resid reac t iv i ty ,  the catalxst  requirement for 
the nondeashed ex t r ac t ,  in the temperature range of 680-730 F ,  i s  projected t o  
be lower t h a n  the ca ta lys t  requirement for  the deashed ex t rac t .  

The catalyst  require- 

CONCLUSIONS 

Significant changes were observed in product yields and product quali ty by 
hydrotreating coal derived extract  prior t o  the deashing step. A t  approximately 
comparable reaction conditions, overall coal conversion and hydrotreater resid 
conversion were h i g h e r  fo r  the RITSL mode. 
panied by a s ign i f icant ly  higher hydrogen consumption was reported fo r  the RITSL 
mode, yielding product fractions of higher hydrogen and lower heteroatomic 
content, as compared t o  the ITSL mode. For a fixed level of resid conversion 
and for similar reactor space ra tes ,  ca ta lys t  requirement i s  projected from 
batch deactivation trends to  be lower for  the nondeashed extract  (RITSL) mode. 
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Table 1 

Two-Stage Reaction Conditions and Yields for  RITSL and ITSL Modes 

Mode 
Catalyst Operating Mode 

RITSL ITSL-1 ITSL-2 ITSL-3 
Batch Batch Batch Addition/ 

Withdrawal 

Thermal Sta e 
d r a t u r e  (OF) 
In le t  hydrogen par t ia l  pressure (psi) 
Coal space velocity [(lb/hr-ft3(>70OoF)] 27 28 28 26 

810 810 810 810 
2160 2040 2040 2040 

Catal t i c  Sta e 
T G X h G & t u r e  (OF) 
Space velocity ( l b  feed/hr-lb ca t )  

710 720 740 720 
0.9 1.0 1.0 0.75 

Catalyst Age ( l b  resid/lb c a t )  445-670* 350-400 1200-1350 1300-1400** 

Two-Stage Yieldm(% MAF Coal) 
tl-C3 Gas 
C4+ Dis t i l l a te  
Resid 
Hydrogen Consumption 

Hydrogen Efficiency 
( l b  Cq+Oist/lb Hp Cons.) 

6 7 6 6 
62 59 57 61 

3 4 7 3 
-6.1 -5.3 -5.4 -5.6 

10.2 11.1 10.6 10.8 

* Resid contains unconverted coal and coal ash components. 
** Average ca ta lys t  age: ca ta lys t  addition/withdrawal rate of 1.0 lb/ton (MF) coal 

employed. 
*t* Elementally balanced y ie ld  structure. 
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Table 2 

Process Unit Y i e l d s  f o r  RITSL and ITSL Modes 

Mode RITSL ITSL 

Thermal U n i t  Y i e l d  (% MAF Coal 
C4+ D i s t i l l a t e  
Res id  
Hydrogen Consumption 

H y d r o t r e a t e r  U n i t  Y i e l d  ( X  MAF Coal )  
C4+ D i s t i l l a t e  
Hydrogen Consumption 

CSD U n i t  ( X  MAF C o a l )  
'0 rgan ic  R e j e c t i o n  with M i n e r a l  Ash 
[Atomic ( H K )  o f  R e j e c t e d  Organics]  

27.0 
50.0 
-1.7 

35.0 
-4.4 

34.1 
46.5 
-1.5 

24.9 
-3.8 

19.6 21 .o 
0.68 0.75 

Table 3 

E f f e c t  o f  C o n f i g u r a t i o n  Mode on Coal  Conversion* 

Thermal Stage C a t a l y t i c  Stage CSD Unit Two-Stage 
Mode Convers ion  Convers ion "Convers ion"  Conversion** 

ITSL 92.5f1.1 -4.8fl.4 87.7fl. 3 

RITSL 91.7fl.4 0.7f1.5 -1.4f0.9 91 .Of0.8 

* Conversion of Coal t o  Creso l  Solub les.  
** Two-Stage Convers ion  = Sum o f  Process U n i t  Conversions. 
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Table 4 

Product Quality Comparison f o r  RITSL and ITSL "Synthetic Crudes" 
\ 

W t  % of Elemental ( W t  %) 
D i s t i l l a t i o n  C u t  Crude C H U S 0 ( d i f f )  

ITSL* 
m t h a  ( IBP-360°F) 18.4 85.21 12.86 845 ppm 0.36 1.50 
D i s t i l l a t e  (36OoF-65O0F) 45.7 86.34 10.73 0.23 0.22 2.48 
Gas Oil  (650"F-1000"F) 35.0 89.07 9.69 0.31 0.16 0.76 
Resid (1000°F) 0.9 86.71 6.94 1.13 0.60 3.15 

RITSL** 
l G $ T h a  ( IBP-360°F) 14.9 85.50 14.07 500 ppm 0.35 0.03 
Di sti 1 l a t e  (36OoF-65O0F) 49.8 86.74 11.54 0.23 0.16 1.33 
Gas Oil (65O0F-10OO0F) 35.3 89.48 10.44 0.06 0.02 - 

*Samples obtained w i t h  hydro t r ea t e r  temperature of 73OoF; c a t a l y s t  age of 

**Samples obtained w i t h  hydro t r ea t e r  temperature of 700°F; c a t a l y s t  age of 
approximately 1,400 l b  r e s i d / l b  c a t a l y s t .  

approximately 350 1 b r e s i d / l b  c a t a l y s t .  
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PROCESS-OI L CHARACTERISTICS 
I N  INTEGRATED TWO-STAGE LIQUEFACTION ( ITSL) :  

COMPARISON OF PDU AND PILOT-PLANT OPERATIONS WITH BITUMINOUS COAL 

R. A. Winschel and F. P. Bu rke  

CONOCO INC. 
Coal Research Division 
4000 Brownsvi l le Road 

L ibrary ,  PA 15129 

ABSTRACT 

Recycle and other  process oi ls taken during Integrated Two-Stage Liquefaction 
( ITSL]  operations o f  Lummus' 30 lblh process development unit (PDU) and the 
Wilsonville, AL, p i lo t  p lant  (200 I b l h )  were analyzed to  compare the two ITSL 
operations. Samples were obtained from Lummus PDU Runs 3LCF7 (Indiana 5 
coal), 3LCF8 and 3LCF9 ( I l l ino is  6 coal), and Wilsonville p i lo t  plant Run 242 
(I l l inois 6 coal). T h e  process oils from p i lo t  plant Run 242 are significantly 
d i f ferent  from the corresponding process oils from the Lummus PDU, although both 
were ITSL operations. Much o f  t he  dif ference may be ascribed to  differences 
between the f irst-stage (thermal) severities and the selectivities o f  the deashing 
operations. Characteristics o f  t h e  start-up solvents may also have influenced this 
comparison. Laboratory experiments showed that the second-stage residual feed to 
p i lo t  plant run 242 was signif icantly less reactive toward conversion to distillate 
than the corresponding material from PDU Run 3LCF9 at  thermalldonor. i.e., 
non-catalytic conditions, consistent w i th  the process o i l  analysis. 

INTRODUCTION 

Wilsonville Run 242 is general ly considered to  have successfully demonstrated a 
scale-up of the Integrated Two-Stage Liquefaction ( ITSL)  process from the 0.35 
ton lday process development unit (PDU) scale as operated b y  the Lummus Co. to 
the 2.5 ton lday p i lo t  p lant  scale. The PDU and p i lo t  plant have similar, though 
not identical, configurations. Two major differences are the  interstage deasher 
and the second-stage hydrot reater .  Lummus uses antisolvent deashing (ASDA) 
and a three-reactor t r a i n  LC-Finer unit. Wilsonville uses cr i t ica l  solvent deashing 
(CSD) and a single-reactor H-Oil unit. 

Many direct comparisons of t he  performances o f  the p i lo t  plant and PDU cannot be 
made because of the lack o f  a uniform analytical scheme. Most notably, the 
dist i l lat ion used to determine "resid" d i f fe rs  between the two operations; Wilsonville 
uses a 975OF (1) end point and Lummus uses an 85OOF end point (2). Such 
parameters as resid space velocity and resid conversion, therefore; are not 
uniformly determined a t  the two plants. One of our  objectives in th is  work was 
t o  analyze a large su i te  o f  comparable samples from the two plants, using an 
identical analytical scheme, to  permit d i rect  comparisons o f  process-oil 
characteristics and other  der ived parameters. 

We analyzed several hundred samples of recycle oils and other process streams 
from Lummus Runs 3LCF7, 3LCF8 and 3LCF9 and dai ly  process-oil samples from 
Wilsonville Run 242. In each case, t he  catalyst was Shell 324M (NilMo on alumina) 
and the feed coal was Burn ing  Star mine I l l inois 6 [Run 3LCF7 used Indiana 51. 
The large number o f  samples studied has enabled us to  describe "typicalt t  
compositions, t o  d iscern effects of process variables and t o  describe long-term 
trends. This  paper presents a comparison o f  the Wilsonville and Lummus ITSL 
results based on o u r  analysis o f  process-oil samples. 
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The  set o f  Wilsonville Run 242 samples we obtained included 121 samples Of V-1064 
(second-stage feed), V-1067 (second-stage flashed bottoms product, recycle t o  
f i r s t  stage), 1-102 bottoms (f irst-stage product  vacuum bottoms, feed to  CSD) , 
and V-178 (f irst-stage heavy dist i l late product, second-stage dist i l late feed). 
Run 242 was two months long. Runs 3LCF7 and 3LCF9 were each nearly one year 
long. Run 3LCF8 was f i ve  months long. Analyses included distillation, solvent 
fractionation, 

Th is  paper wil l  demonstrate f i r s t  t ha t  the characteristics o f  the process oils from 
Wilsonville Run 242 were relat ively constant, then that  the oils dif fered 
signif icantly from those produced in the  PDU. Causes o f  these differences wil l  be  
suggested. Finally, the results o f  a set of batch experiments wil l  be presenteg 
tha t  demonstrate an inherent dif ference in "thermal" reactivities of the 85OOF 
resids from the two operations. 

Complete descriptions o f  the subject liquefaction runs  have been published: 
Wilsonville Run 242 ( l ) ,  and Lummus Runs 3LCF9 (2,3), 3LCF8 (2) and 3LCF7 (2). 
Our  complete analytical data have also been r e p o r t e m n  References 4, 5, 6 and-7, 
respectively. 

H-NMR, phenolic determinations and microautoclave extractions. 

DISCUSSION 

RUN 242 - PROCESS OIL CHARACTERISTICS RELATIVELY CONSTANT 

Resid Content in Process Oils Increased Slightly w i th  Time 

The 85OoF+ resid content o f  both the feed and product  of the hydrot reater  
generally increased as Run 242 progressed. There were three periods o f  
relat ively constant resid content as shown below: 

Date, 1982-83 

12/03 - 12/16 
12/18 - 12/29 
01/07 - 01/21 

k't % 850°F' in Sample, Average 
V-1064 V-1067 

57.4 
63.6 
66.6 

51.8 
58.5 
60.1 

The  step increase in resid content on 12/17 was an intentional change made b y  the 
p lant  operators to  reduce resid inventory  (1). 
Distillate Composition Nearly Constant - Run 242 

Though the absolute amount of dist i l late in I b s / h r  and the proport ion o f  dist i l late 
in any stream d i d  change w i th  time in Run 242, the compositions of the 85OOF 
process oil distillates were remarkably steady af ter  11 l28l82. The proton 
distr ibutions of the V-1064 and V-1067 distillates and the V-178 samples showed 
l i t t le  change over the course o f  the run;  in fact, the calculated standard 
deviations approach our experimental reproducibi l i ty (8). Th is  indicates 1 ) t ha t  
t he  hydrogen content o f  these dist i l lates i s  nearly constant, and 2) that  the 
donor-solvent qual i ty of the dist i l lates is also nearly constant. Th is  was confirmed 
by the donor solvent qual i ty  as measured b y  microautoclave tests, which was 
nearly constant fo r  each t ype  o f  process o i l  tested. 

Resid Composition Fair ly Constant 

A s  noted above, the res id  content in the various process streams increased in a 
step-wise fashion with time in Run 242. However, the compositions o f  the f i rs t -  
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stage product resid (T-102 bottoms) and the second-stage feed resid (V-1064) 
were fair ly constant as measured by solvent fractionation. The scatter in the 
solvent fractionation data f o r  these samples was certainly greater than experimental 
uncertainty, but there is no  obvious t rend  to the data.(!) The proton d is t r i -  
butions of the samples from these two streams may show some increase in 
aromaticities as the run progressed.(4) This  may be a resul t  of the recycle of 
hydrotreater product  which showed a-relatively large increase in aromaticity w i th  
time, as discussed below. 

As wi th  the  hydrot reater  feed resids, the HTR product  res id  (V-1067) compositions 
showed no  t rend as measured by solvent fractionation data. However, the 
aromaticity o f  t he  H T R  product  resid increased from about 18 to 25% over the 
course of the run. Th is  indicates decreasing hydrogenation o f  the resids which 
may result par t ia l ly  from the increasing hydrot reater  temperature. Higher 
temperature is thermodynamically unfavorable to  hydrogenation. It appears l ikely 
tha t  there was an  addit ional cause, perhaps catalyst deactivation, because the 
decrease was fa i r l y  continuous whereas temperatures were increased in steps. 

EFFECT OF CSD ON RESID COMPOSITION 

In Run 242 the CSD unit removed solids from t h e  first-stage product resid to 
prepare the second-stage feed resid. The T-102 bottoms (pi lot plant dist i l led 
first-stage product  res id)  are about 89% THF soluble and contain nearly equal 
levels of IOM and ash. Af ter  CSD processing, the IOM and ash levels are 
generally reduced t o  well below 0.5% o f  the non-distillate second-stage feed. 
Other than removing solids, the CSD unit also tends to selectively reject t he  pre- 
asphaltenes fract ion o f  the soluble resid. Th is  i s  clearly seen b y  comparing t h e  
compositions of the second-stage feed soluble res id  and the first-stage product 
soluble resid which a r e  summarized below: 

Average w t  % o f  THF-Soluble Resid 
Res id  Sample - Oils Asphaltenes Preasphaltenes 

First-stage product (T-102 Bottoms) 51 22 
Second-stage feed (V-1067) 56 25 

2 7 .  ,> 19 

Th is  selective fract ionation o f  the res id  may well b e  important t o  the performance 
o f  t he  second stage. 

LUMMUS AND RUN 242 PROCESS OILS VERY DIFFERENT 

It was demonstrated above that many Run 242 process-oil characteristics were 
relatively invariant over  the  course o f  the run. This  is not usually the case in 
the Lummus PDU runs.  Tha t  plant has been used t o  investigate a large number of 
variables. Commonly, seven or more f irst-stage "runs1' and perhaps ten deasher 
" runs"  are made fo r  eva ry  second-stage "run". Also, modes o f  recycle are some- 
times changed. Consequently, the compositions of the process oils undergo 
discontinuous changes. 

Soinlo of the tex t  t h a t  follows presents comparisons of data from Run 242 and 
various Lummus PDU runs. Complete data are available in our  repor ts  on 
Wilsonville Run 242 (4) and Lummus Runs 3LCF7 ( 7 ) .  3LCF8 ( 6 )  and 3LCF9 ( 5 ) .  
For the  sake o f  b revRy ,  many comparisons wil l  be sade based On average values. 
Because averages are not always meaningful without knowledge o f  t he  d is t r ibut ion 
of t he  individual data, we have included standard deviations and sometimes a range 
of data for many of t h e  averages. 
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Resid Quality in Run 242 Superior t o  Lummus Runs/Deashing Differences 

One major difference between the  pract ice o f  I T S L  at  the PDU (Lummus) and 
t h e  pi lot  p lant  (Wilsonville) is t h e  interstage deashing process. The  c r i -  
t ical solvent deashing (CSD) process employed a t  Wilsonville selectively 
rejects a por t ion  o f  t he  preasphaltene fract ion of the soluble resid as 
demonstrated above. On  the  other hand, o u r  analyses of twenty-six Lummus 
antisolvent deasher (ASDA) runs  w i th  bituminous coal products demonstrated no  
consistent fractionation o f  the  THF-soluble res id  ( 5 ,  6, 71. This is  certainly one 
reason (ou t  o f  perhaps several) that  the second stagefeed resid contained fewer 
preasphaltenes in Run 242 than in typical Lummus operations. Since resid i s  
recycled around the  en t i re  integrated process, each resid stream from Run 242 had 
relatively fewer preasphaltenes than the  correspondong resid sample f rom Lummus 
runs. As a general rule, preasphaltenes are less hydrogenated than benzene sol- 
ubles. A s  expected, therefore, Run  242 resids were lower in aromaticity than 
typical  Lummus resids. 

Average Value f Std Dev 
Soluble w t  x 

Resid Sample Run # Preasphaltenes H-Aromaticity , X 

Second-stage feed 242 19 f 2 
3LCF7 43 f 4 
3LCF8 36 f 5 
3LCF9 35 f 5 

Second-stage product 242 13 f 3 
3LCF7 28 f 6 
3LCFS 23 f 6 
3LCF9 22 f 4 

34 f 2 

44 * 3 
47 f 3 

22 f 3 

30 f 5 
37 t 6 

For both units, t he  resids are upgraded, i.e., preasphaltenes and aromaticity are 
reduced, in the second stage. However, these data also demonstrate the  signi- 
f icant difference in resid compositions for  Run 242 and the Lummus runs. 
Both aromaticities and preasphaltene contents differ from one unit t o  the  other by 
a t  least two standard deviations. Th is  may have a significant bear ing on  process 
performance, e:g., second-stage conversion. It i s  expected that preasphaltenes 
may react kinetically d i f fe ren t ly  than asphaltenes and residual oils and may requi re 
more hydrogen and produce more hetero-gases upon upgrading t o  equivalent 
products. Additionally, resids o f  d i f fe ren t  solubi l i ty  characteristics and hydrogen 
contents may deactivate the  catalyst a t  d i f fe ren t  rates. 

In Run  242, the CSD unit consistently reduced the  solids (IOM and ash) concen- 
t ra t ion  in the second-stage feed t o  less than 0.5% (4). The Lummus runs  al l  
operated on feeds containing significant levels of solids (IOM plus ash) as shown 
below. 

Sol ids Concentration i n  Second-Stage Feed 
w t  i, Average (Range) ITSL Run No. 

242 
3LCF7 
3LCF8 
3LCF9; deashed 
3LCF9; non-deashed 

0.1 (cO.1 - 0.6) 
8 ( 1  - 17) 
8 (1 - 11) 

12 (5 - 17) 
5 (1 - 12) 
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These solids are typ ica l ly  composed o f  two pa r t s  IOM and one p a r t  ash. The h igh 
solids contents in the  Lummus feeds resul t  from periods dur ing which t h e  deasher 
was no t  operating a t  full efficiency o r  was bypassed. Once the solids entered the  
feed tank, they purged out slowly. 

Solids concentration may also have signif icant bearing on process performance, 
both mechanically (e.g., deposits, erosion o r  viscosity problems) and chemically 
(e.g., second-stage conversion). Metals may deposit on catalyst surfaces and 
cause deactivation. 

Process Streams Contain More Resid in Run 242 than in Lummus Runs 

The hydrotreater feed in Run 242 contained a somewhat greater resid (lower 
dist i l late) concentration than fo r  . typ ica l  Lummus second-stage feeds as shown 
below. 

Run No. 

242 
3LCF7 
3LCF8 
3LCF9 

850°Ft Content 
of Second-Stage Feed, 

w t  %, range 

57 - 67 
52 - 75 
50 - 6 1  
45 - 63 

As discussed earlier, t he  Run 242 85OoF+ resids were essentially ash-free whereas 
the Lummus resids contained significant amounts o f  ash. Therefore, the difference 
in ash-free resid content is even greater than shown in the above table. 

Distillate Process Oi l  Comparison 

The following table compares the compositions o f  the second-stage 85OOF- distillates 
from Run 242 and from several Lummus ITSL runs  in terms o f  proton distr ibutions 
and microautoclave extractions. The microautoclave tests were all performed at  our  
modified equil ibrium conditions which are designed such that donor concentration is 
the limiting factor in coal conversion (7). 

Average Value 
Microautocl ave 

Conversion 
ut 4. 

850°F- Sample 

.. - ” 
H Aromatici ty C c l i c  MAF Coal 

Run % (Range) - + Std Oev 

Second-stage feed 242 17.4 117-20) 0.64 70 + 1 . ~ _  

3LCF7 40.2 (31-5Oj 0.98 - 
3LCF8 40.8 (35-48) 1.07 78 7 
3LCF9 38.3 (34-47) 1.04 83 f 6 

Second-stage product 242 11.3 (10-12) 0.68 83 f 1 
3LCF7 17.3 (11-281 0.98 - . - - - - . . - - 
3LCF8 i8IO 17-2Oj 1.07 90 i 2 
3LCF9 22.9 118-33) 1.01 89 i 2 

Aromaticity relates inversely to  hydrogen content. The rat io of cycl ic to  alkyl 
aliphatic protons a t  constant aromaticity correlates wi th  donor solvent qual i ty  (91 
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and relates inversely t o  para f f in  content. The  increase in hydrogen content 
(decreased aromaticity) and donor solvent qual i ty between t h e  second-stage feed 
and product disti l lates is  evident fo r  al l  these runs. However, t he  Run 242 
disti l lates are s igni f icant ly d i f fe ren t  from those produced in t h e  Lummus PDU. 
Although the  compositions o f  the  Lummus disti l lates spanned a fa i r l y  broad range, 
the  Wilsonville disti l late compositions were considerably outside tha t  range. 

A GC/MS investigation of these oils revealed tha t  the  Run 242 disti l lates are much 
more complex because o f  extensive a lky l  subst i tut ion on aromatic r i ngs  and  contain 
considerably greater concentrations o f  paraf f ins relative t o  most Lummus samples 
from equivalent process streams. Th is  is  consistent w i th  the  lH-NMR and micro- 
autoclave data. The Run 242 disti l lates are more highly hydrogenated but a lower 
proportion o f  t he  hydrogen is  found in the  desirable hydroaromatic form. 

Elemental analyses obtained a t  Lummus and supplied by Mr.  M. Peluso conf i rm the 
difference in hydrogen content fo r  various ASTM D-1160 boi l ing cuts:  

\ 

5 

H/C Atomic Rat io 
Run 242 

Bo i l i ng  Fract ion 

500 x 650'F 
650 x 850°F 
850" Ft 

3LCF9 
Product 

1.40 
1.16 
0.86 

V-1067 
12/10/82 

1.50 
1.38 
1.04 

One potential cause o f  t he  observed differences in disti l late oils i s  the  ef fect  o f  the 
di f ferent start-up oils used in the  Wilsonville and Lummus programs. Lummus uses 
creosote oi l lhydrogenated creosote oi l  as a start-up solvent. Run  242 used solvent 
produced from p r io r  runs  (1  1. Hydrogenated creosote oi l  i s  re lat ively aromatic, 
non-alkylated and non-paraffinic compared to  most coal l iquids and is  a n  excellent 
donor solvent. A n  exhaustively recycled oi l  might be expected t o  b e  relatively 
paraf f in ic and alkylated (9). The solvents f rom each plant appear to  retain 
certain characteristics o f  t f ie i r  respective start-up oils long a f te r  start-up. This  
could indicate inef f ic ient  solvent turn-over o r  perhaps it could be  an  example o f  
multiple steady states (10). 
RUN 242 - GREATER SCT SEVERITY AND COAL CONVERSION THAN LUMMUS 
RUNS - 
First-stage conversions o f  coal to THF solubles, calculated based on analyses o f  
T-102 bottoms samples, average 91 +1% fo r  the samples from Run 242. This  i s  in 
excellent agreement w i th  the  conversions t o  cresol solubles during "special product 
work-up periods" reported by Catalytic, Inc., which also averaged 91% (1). Each 
of the periods discussed above was operated a t  86OOF and 2400 ps ig  rnominal). 
The  SCT unit o f  the  Lummus plant has been operated at  conditions as mild as 
83OOF and 2000 psig, but has also been operated a t  the more severe conditions for 
a large pa r t  o f  t he  PDU program. T H F  conversions for those periods (850-860OF 
and 2400 psig), determined by Conoco, averaged 87% (7)  for  Runs SCT l4  through 
SCT2l and 88% ( 7 )  for  Runs 2SCT3 through 2SCT6.- Lower sever i ty conditions 
resulted in even lower coal conversions (5). Quinoline conversions, determined by 
Lummus, were typical ly 92% f o r  the  same periods ( 2 ) .  The greater f irst-stage 
conversion o f  coal t o  THF solubles, comparing Conocch data f o r  Run 242 and the 
PDU, is consistent w i th  the  greater SCT disti l late y ie ld reported by Rao, e t  al. 
(11) for Run 242 relative t o  the Lummus PDU and may ref lect  a greater SCT 
reaction sever i ty during Run 242. The Lummus system has operated a t  coal space 
rates as low as 82 Ibs /h r - f t 3  (2SCT15-1014) but is  more typical ly operated a t  coal 
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space rates o f  between 110 and 190 Ibs lhr - f t ' .  Run 242 was consistently operated 
a t  about 92 I b s l h r - f t 3  based o n  reactor volume and at  about 44 Ibs/hr.f t3 when 
the volume o f  the heated t ransfer  l ine is  included. The more severe first-stage 
conditions present during Run 242 as compared to  typical PDU runs  would be 
expected to  af fect  SCT yields, thus changing the composition o f  t he  second-stage 
feed. 

SECOND-STAGE CONVERSIONS AND CONVERSIONS ACTIVITIES 

85OOF' conversions during Run 242 were calculated based on Conoco's analyses as 
detailed in Reference 4. Average 85OoF+ conversions changed over the course of 
Run 242 in the following manner: 

Catalyst Age 850°F' Conversion, 
Date, 1982-83 l b s  SRC/lb Cat T, O F  % Average 

12/01 - 12/14 72 - 204 679 - 685 13 
12/15 - 12/17 216 - 242 699 - 704 16 
12/18 - 01/04 253 - 467 718 - 721 16 
01/08 - 01/21 520 - 685 145 - 750 21 

It should be noted tha t  these values average 5-7 absolute percentage points lower 
than the SRC conversions reported b y  Catalytic, Inc., (1) because o f  the d i f f G S  
dist i l lat ion procedures used (4). 
A t  t h e  end o f  Run 242, catalyst age was 500-700 Ibs SRCllb cat, H,. partial 
pressure was 2500 psig, temperatqre was 75OOF. the overall space yelocity was 
1 Ib feed/lb c a t - h r  and the  85OOF space velocity was 0.6 Ibs 85OOF / l b  cat -hr  
A t  similar second-stage conditions the Lummus PDU typical ly obtains 30-35% 85OOF' 
conversion. The  comparison shown below is based on Conoco data. 

850°F' Conversion % 
Average - Run Period C a t  Age T. OF i Std Dev 

24 2 1/8 - 1/21 520 - 685 745 - -750 21 +_ 3 
3LCF7 58 - 85 527 - 930 749 - 759 34 i 3 
3LCF8 27 - 49 299 - 526 732 - 751 33 + 2 
3LCF9 0826 - 0122 697 - 1474 723 - 756 28 i 6 

T h e  catalyst age un i t s  above are Ib SRCllb cat for  Run 242 and Ib 850OF'IIb cat 
for the Lummus runs.  The Run 242 catalyst age values should be increased by 
about 13% for an equal catalyst age comparison because o f  the dif ference in resid 
determinations (4). The  closest comparison shown above in terms o f  catalyst age 
and  temperature-is f o r  Runs 242 and 3LCF7. In that comparison, the average 
85OoF+ conversion fo r  Run 3LCF7 is four  standard deviations greater than that for 
Run  242. Run 3LCF7 was made wi th  a dif ferent I l l inois tas in  coal (indiana 5, Old 
Ben No. 1). Runs 242,  3LCF8 and 3LCF9 were al l  made with I l l inois 6, Burning 
Star  coal. Even though the data fo r  Runs 3LCF8 and 9 shown above were 
obtaiyed at  generally lower temperatures than the data for  Run 242, average 
85OOF conversions a r e  greater for  the Lummus runs. Clearly the second-stage 
85OoF+ conversion in Run  242 was lower than in typical Lummus runs  a t  operating 
conditions (T, S.V., catalyst age, pressure, catalyst type, coal) that  were 
ostensibly similar. 

F i r s t  order kinetic ra te  constanp ( k )  and pre-exponential factors ( A )  were 
calculated for second-stage 85OOF conversion fo r  Runs 242 (4) and 3LCF9 (5 )  
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based on Conocots analyses. Lummus uses an activation energy o f  23.500 callmol 
for 85OoF+ conversion in the  second stage (2). If it is assumed, for  the sake of 
argument, that the activation energy is  i h e  same in the Wilsonville system, 
pre-exponential factors can be  calculated to compare the res id  conversion activi t ies 
of the two systems. The  data for  Run 242 are compared to  the data ,from Run 
3LCF9 in Figure 1. It should be noted that the catalyst age un i t s  in Figure 1 are 
consistent. The catalyst ages o f  the Run 242 data, which were obtained from the 
repor t  b y  Catalytic, Inc., (1) were increased by 13% t o  put them on a basis 
equivalent to  the R y n  3LCF9 data, i.e., on a Ibs 850°F+/lb cat basis. As  shown 
in Figure 1, 85OOF conversion act iv i ty  decreased wi th  time for  both runs as 
measured by the f i rs t -order  pre-exponential factor. The data for  Run 242 are 
consistently lower than the  Run 3LCF9 data indicating that  wi th in  the limits of the 
assumptions used in th is  model, 85OoF+ conversion act iv i ty  was signif icantly lower 
in Run 242 than in Run 3LCF9. 

There are several possible reasons for  the difference in the calculated conversion 
activities in the two systems: 1) Simple f irst-order kinetics may not be  a good 
description of the conversion reactions. Additionally, it may be more appropriate 
to use space velocity based on reactor volume rather  than on catalyst weight for  
the resid conversion reaction since there may be a large thermal contr ibution to  
conversion. 2) The inherent reactivities of the feedstocks are almost certainly d i f -  
ferent. The clearly demonstrated differences in feed composition are expected to 
resul t  in d i f ferent  reactivities. Th is  could be caused in p a r t  by the d i f ferent  
selectivities of the deashing processes as well as the d i f ferent  f i rst-stage reaction 
severities. Batch experiments demonstrating d i f ferent  "thermal" reactivi t ies of the 
feedstocks are described below in th is  paper. Different reactivi t ies would require 
the use of d i f ferent  act ivat ion energies in the  kinetic calculations. In fact, 
Catalytic, Inc., uses an activation energy value o f  50,000 B t u l l b  mol (27.8 
kcallmol) for  Run 242 da ta ( l2 )  as opposed to  the 23.5 kcallmol used in our  
calculations. 3 )  One o r  b o t h T u n s  may have been operated w i th  non-equil ibrated 
solvent. 4) The use o f  the "effective" (average) temperature in the kinetic 
calculations for t he  Lummus system may g ive incorrect results because the  LC- 
Finer operation is  not s t r i c t l y  isothermal. Temperature dif ferentials over the 
LC-Finer are often SOOF o r  greater (2). 
YIELD DIFFERENCES CONSISTENT WITH CONVERSION DIFFERENCES 

The greater first-stage sever i ty  and lower second-stage conversions o f  Run 242 in 
relation to  Lummus Run 3LCF9 were discussed above. It would be expected that 
these differences would be reflected in the product yields o f  the two runs. A 
comparison of the yield s t ructures of the  two runs  was reported+ b y  Rao, 
e t  al (11). distillate 
yields 6 y  stage. 

The table below, based on those data, compares the net C, 

Net C5+ D i s t i l l a t e  Yie ld  
Run 242 Run 3LCF9 

As I o f  Total As % of T o t a l  
As w t  % D i s t i l l a t e  As w t  % D i  s t i  11 ate 
MAF Coal Yield MAF Coal Yield 

F i r s t  Stage 35.6 57 8.5 15 
Second Stage 27.3 43 49.0 a5 
Total 62.9 100 57.5 100 

Although total dist i l late yields are similar for  the two runs,  a much greater 
proport ion of the dist i l late was produced in the f i r s t  stage during Run 242. These 
results are consistent w i th  conclusions drawn from ou r  analyses o f  the runs. 
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THERMAL REACTIVITIES OF RUNS 3LCF9 AND 242 RESIDS 

The  comparison o f  Wilsonville Run 242 wi th  typical Lummus operations described 
above showed tha t  when second-stage samples were analyzed on an equivalent 
basis, t h e  resid (85OoF+) conversion activi ty, as measured by the f i rs t -order  
kinetic pre-exponential factor, was lower in the Wilsonville system than the Lumrnus 
system. To examine the reactivi t ies o f  the d i f ferent  feed resids, we performed a 
set of experiments t o  compare the "thermal11 reactivities o f  the residual feeds t o  
Lummus Run 3LCF9 and Wilsonville Run 242. One reason the compositions of the 
second-stage feed resids are d i f ferent  i s  the d i f ferent  deashing technologies in use 
at  the two plants. Wilsonville uses CSD which selectively rejects preasphaltenes. 
In order to determine if the  difference in reactivities (if any)  o f  the second-stage 
feed resids were caused solely by deashing differences, we also tested a T-102 
bottoms (f irst-stage product  resid, non-deashed) sample from Run 242. 

T h e  conversion o f  res id  in the second stage o f  ITSL is  promoted by the distillate 
hydrogen donors in the solvent. Since .the second stage of each plant is back- 
mixed, the product dist i l late better models the reactor inventory  than the feed 
distillate. Therefore, the distillates used in this work were second-stage products 
whereas the resids were second-stage feeds. 

The samples used fo r  these experiments are described below: 

3LCF9 Resid: A composite sample o f  the 850°F+ resid fract ion of LC-Finer 
feed samples from Run 3LCF9. 

Same, but cornposited from the 850OF- dist i l late products. 

feed) sample from 1/13/83 of Run 242. 

3LCF9 Distillate: 

V-1064 Resid: The residual (85OoF+) port ion o f  the V-1064 (second-stage 

242 Distillate: A composite sample o f  the 85OOF- dist i l late fract ion of the 

T-102 Bottoms: The f irst-stage product resid from 12/19/82 o f  Run 242. A 

The  method used f o r  these experiments follows. The 30 ml microautoclave was 
charged w i t h  9 g o f  the res id  sample and 6 g o f  the dist i l late sample to be 
investigated. This  approximates a "typical" residldist i l late rat io in the continuous 
units. The microautoclave vessel has heat-up and cool-down times o f  less than 2 
min and is agitated v igorous ly  to overcome mass transfer limitations. The vessel 
was charged w i t h  1000 psig cold H, (<2300 psig at  75OOFl. Reactions were carr ied 
Out for two hours a t  750OF. 75OoF was used because both continuous un i t s  were 
operated for some time a t  t ha t  temperature. Two hours is thought t o  approximate 
the  average liquid residence times in the second-stages of the two continuous 
units. It is  recognized tha t  a batch microautoclave can only approximate the 
performance of the continuous unit; however, th is  work was done to obtain a 
comparison, not absolute reactivities: Af ter  each microautoclave run, the 
microautoclave contents were extracted w i t h  THF to separate the IOM and ash. 
The  solubles were d is t i l led to  32OOC pot/270°C column/5 t o r r  (85OOF) 'using a 
microstill. Conversions and yields were determined from known feed and product 
compositions. Ash was assumed to c a r r y  through unchanged. 85OOF- was deter- 
mined b y  difference and includes both dist i l late and total gas make. Each 
experiment was performed a t  least twice to obtain a measure (pooled standard 
deviation) of reproducib i l i ty .  Each distillate sample was reacted wi th  each resid 
sample at  least in duplicate to  determine the relat ive Vhermal" reactivi t ies of the 
resids and t h e  effect o f  the distillates. The data are summarized in Table 1. As 

A typical sample. 

V-1067 (second-stage product) samples from Run 242. 

typ ica l  sample. 
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shown in Table 1.  the pooled standard deviation o f  ou r  measurement of 85OoF+ 
conversion is  0.6% absolute. 

No difference was observed that  was dependent on the dist i l late solvent used in 
these tests even though there is a signif icant dif ference in the i r  abilities t o  
convert coal in a donor-only system (4,). 

Unlike the distillate, the resids made a large, experimentally signif icant difference. 
About 15% o f  the resid from Run 3LCF9 converted to  l ighter  materials, regardless 
o f  distillate. Th is  compares to  about 5 t o  6% fo r  t he  two Run 242 resids which d i d  
not react to  signif icantly d i f ferent  extents from one another. 

These results support the conclusion tha t  the res id  conversion activi t ies calculated 
for  Runs 3LCF9 and 242 were dif ferent, a t  least in par t ,  because of a dif ference 
in the reactivities of the feedstocks. The  resul ts  indicate that  the lower resid 
conversions obtained in Run  242 as compared t o  Run 3LCF9 du r ing  periods o f  
generally comparable operating conditions resulted at  least pa r t l y  from a less 
reactive second-stage feedstock. This  is consistent wi th  the  first-stage dist i l late 
yields in Run 242 being h igher  than in Run 3LCF9 (g ) ,  thus leaving only the 
more refractory materials f o r  second-stage conversion. 

SUMMARY 

The soompositions and relat ive proport ions o f  both the 85OOF- dist i l late and 
85OOF resid fract ions in the process streams were fa i r l y  constant in 
Wilsonville Run 242. 

The Crit ical Solvent Deashing (CSD) unit selectively rejected preasphaltenes 
during Run 242. The reduced level of preasphaltenes thus fed to the 
hydrotreater could af fect  hydrotreater performance. 

The characteristics o f  the process oils from Run 242 are signif icantly 
dif ferent from the  characteristics o f  the corresponding process oi ls from 
Lummus PDU operations, although both operations were conducted in  the 
ITSL mode. For many measured parameters, the data from Run 242 and the 
Lummus operations do  not share a common range. Much o f  the dif ference 
may be ascribed to  differences in the f irst-stage (thermal) severities and t o  
selectivities o f  the deashing operation between the Lummus and Wilsonville 
operations. Characteristics of the start-up solvents may also have 
influenced th is  comparison. 

First-stage coal conversions to THF solubles averaged 91% for  Run 242. 
This is 3 t o  4% absolute greater than the THF conversions calculated for  
Lummus PDU runs operated at similar temperature and pressure conditions 
and is consistent w i t h  the generally lower f irst-stage space velocity used in 
Run 242. The  more severe f i r s t  stage conditions used in  Run 242 may be 
one reason f o r  the d i f ferent  first-stage yields and d i f ferent  second-stage 
feed compositions in that  run as compared t o  PDU operations. 

Second-stage 85OoF+ conversions in Run 242 were clearly lower than in 
typical PDU runs  a t  operating conditions that  were ostensibly similar. A 
possible reason fo r  t h i s  is the dissimilar second-stage feed composition, again 
part ial ly a resul t  o f  the deashing process and first-stage severity 
differences. 

A statistically-designed set of experiments showed that  t he  second-stage 
residual feed from Wilsonville Run 242 was signif icantly less reactive than the 
corresponding material from Lummus Run 3LCF9 at  thermalldonor, i.e., non- 
catalytic conditions. This  is consistent wi th  the analytical results. 
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TABLE 1 

THERMAL REACTIVITIES OF RUNS 3LCF9 AND 242 RESIDS 
SUMMARY OF RESULTS 

Samples 85OoF+ Conversions, w t  % 

Distillate Resid Tr ia l  1 Tr ia l  2 Tr ia l  3 Average 

3LCF9 3LCF9 15.8 14.4 15.1 
V-1064 5.6 6.4 6.0 
T-102 Bottoms 5.1 5.8 5.4 

242 3LCF9 15.6 15.4 15.5 
V-1064 4.8 4.0 4.9 4.6 
T-102 Bottoms 6.8 5.8 6.3 

- 
- 
- 
- 
- 

Pooled standard deviat ion = 0.6% absolute 

Average conversion us ing 3LCF9 dist i l late = 8.8% 
Average conversion us ing 242 dist i l late = 8.8% 1 difference 

Average conversion us ing 3LCF9 resid = 15.3% 
Average conversion us ing V-1064 resid = 5.3% 
Average conversion us ing T-102 bottoms res id  = 5.9% 

No signif icant 

3LCF9 resid more 
reactive than  either I 242 resid 
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Figure 1. Comparison o f  First-Order Pre-Exponential Factors vs Catalyst Age. 
Runs 242 and 3LCF9. 
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